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A B S T R A C T
We present a self-consistent cluster em bedding m ethod  to  study  th e  electronic 
s tru c tu re  of solids by ab in i t io , local spin density functional calculations. A the­
oretical discussion from  the  view point of to ta l energy is given, and  a definition of 
the  to ta l energy for an em bedded cluster is in troduced . We have constructed  a 
general LOGO cluster-em bedding p rogram  package, and  developed a procedure to 
sim ulate the spin disordered sta tes  w ith  local antiferrom agnetic (A F) order. The 
electronic s truc tu res of NiO and  CoO are studied  by this m ethod  w ith  a  high qual­
ity  basis set. The two m aterials show sim ilar an tiferrom agnetic insulating ground 
sta tes w ith b o th  localized and  b an d  properties: A sm all energy gap separates the 
well localized unoccupied and  occupied 3d orbitals. Each 3d o rb ita l is a ttached  to 
a particu lar cation. Two diffuse oxygen 2p bands are below the  3d levels; em pty 
oxygen 3s bands are above the  3d levels. Calculations show th a t the  excited 3d 
electrons are also well localized. We propose a new explanation of the  insulating 
n a tu re  for transition -m eta l m onoxides which can explain bo th  NiO and  CoO con­
sistently: The overlap of excited 3d electrons is too sm all to  form  a m etallic band, 
bu t the  overlap is sufficient for the  hole to  m igrate  th rough  the crystal. In this 
sense, bo th  NiO and CoO are charge transfer insu lators w ith gaps of abou t 4 and 
5 ev (m ostly from  oxygen ion to  cation), respectively. T he spin m agnetic m om ents 
of bo th  ions and the Neel tem p era tu res  of NiO and CoO are calculated directly. 
T he theoretical sim ulations of the  param agnetic  phases for bo th  m aterials show 
th a t the electronic s tru c tu re  in the  local AF pairs is independent of long-range 
spin order. O ur theoretical results lead to  a n a tu ra l in te rp re ta tio n  of alm ost all 
experim ental da ta .
C H A P T E R  1 
I N T R O D U C T I O N
T he first purpose of th is work is to  present a  m ethod  to  s tudy  the  elec­
tronic s tru c tu re  of solids th ro u g h  self-consistent calculations for em bedded clusters. 
C lu s te r  is defined here as a collection of a tom s in a  solid; embedding  m eans sim u­
lating  the  effect of the  crystal environm ent on a cluster so the  cluster can represent 
a  portion  of a  solid. T he second purpose of th is work is to  apply th is m ethod  to 
transition -m eta l oxides, m ainly NiO and  CoO, w here controversy still exists. O ur 
m ethod  enables us to  present a  new explanation of the  insulating n a tu re  of these 
m aterials which has once again becom e of great in terest because of the  discovery 
of cup ra te  superconductors.
O ur m ethod  is based on density functional theory. M odern density functional 
theory  was originally derived by H ohenberg and  K ohn in 1964.1,2 They considered 
a system  of spinless ferm ions. Tw o m ain conclusions were d raw n:3 (a) the  ground- 
s ta te  energy of a system  of identical spinless ferm ions is a unique functional of 
the  particle density; (b) th is functional a tta in s  its m inim um  value w ith respect to 
variation of the  particle  density, sub ject to  th e  norm alization condition, w hen the 
density has its correct value. This is so-called H o h e n b e r g  — K o h n  theorem . Ex­
tensions to  include spin have been m ade by several au th o rs .4-7 These have a similar 
conclusion: the  g round-sta te  energy is a  unique functional of the  charge and spin 
densities which a tta in s  its m inim um  value w hen these quantities are correct. T he­
ories based conceptually on the  H ohenberg-K ohn theorem  are term ed  local density 
(LD) models since a local description of the  exchange-correlation energy is always
1
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used. J . S la ter8 used his own m eth o d  (the  X -a  m ethod  which is best referred to 
as a  specific approxim ation to  local density  theory) to  approx im ate  the  exchange 
potentia l. A successful com bination of the  LCGO (L inear C om bination of G aus­
sian O rbitals) m ethod  and the  local density theory  was achieved by Callaway et 
al.9’10 in band  s tru c tu re  calculations. Sam be and  F elton11 used a  charge fitting 
approach  in their LCGO-Xa: cluster calculations. Lee and  Callaway adop ted  the 
charge fitting  approach, and  used a  d irect num erical in teg ra tion  m ethod  to  cal­
culate the  m atrix  elem ents for the  exchange-correlation p o ten tia l.12,13 Recently, 
a  general free-cluster LCGO prog ram  package to  perform  the  all-electron, spin- 
density-functional, self-consistent calculations has been developed by Chen and 
Callaway.14 This package uses b o th  charge and  exchange-correlation po ten tia l fit­
ting  procedures, which m akes th is m ethod  very efficient.
T he embedding  approach , which sim ulates the  effect of the  crystal environm ent 
on a  cluster, is difficult. A procedure  in which the  cluster is su rrounded  by m any 
point charges has been used in  cluster calculations by m any a u th o rs .15-19 The 
explicit purpose of this procedure is to  keep the  to ta l system  electrically neu tra l 
and  to  reproduce the  ionic crystal field. However, the  po ten tia l p roduced by the 
point charge array  is not accura te  except where the  point charge is far away from 
the  cluster. The use of point charges for em bedding forces one to  restric t the 
basis used in the  calculation: a  diffuse basis set m ay m ake the  electrons localize 
on the  point charges which leaves the  results to tally  m eaningless.16 However, if 
diffuse functions are not em ployed, th e  calculated unoccupied o rb itals  are usually 
not correct and  som etim es the  valence electron orb itals are affected.19 Inglesfield 
has developed an em bedding approach  by m atching  w avefunctions on the  interface
3
betw een cluster and su b stra te  c ry sta l,20 b u t th is m ethod  needs to  know the  Green 
function of crystal in advance.
A self-consistent em bedded-cluster m odel has been proposed by Ellis et al. 
in 1977.21 In th is m odel, the crys ta l  charge dens i ty  is constructed  by extending 
the  cluster charge density periodically. T he collapse disaster  is prevented by 
tru n ca tin g  the  deep core po ten tia ls  (which su rround  the  cluster) to  a  constant, 
thus in troducing  one em pirical pa ram ete r. This m odel has been used to  study 
the  electronic s truc tu res and th e  m agnetic properties of a variety of metallic, 
sem iconducting and insulating m ateria ls .22-31
T he m ethod  presented in th is  work advances the  self-consistent cluster - em ­
bedding m ethod  in th ree respects. F irs t, we have given th is m ethod  a theoretical 
discussion from  the  viewpoint of to ta l energy. It is found th a t a lthough there  is 
an em pirical param eter, th is self-consistent cluster em bedding m ethod  is accurate 
if some conditions are satisfied. In  our opinion, it is the  only m ethod  which can 
provide a  com plete knowledge of a  solid’s electronic s tru c tu re . Second, a  definition 
of the  to ta l energy for an em bedded cluster is in troduced . We have developed a 
procedure to  sim ulate the  m agnetic  s tru c tu re  by using real  a tom s and  ions, which 
m akes th is m ethod useful in study ing  the  m agnetic p roperties. To our knowledge, 
th is is the  first theoretical sim ulation m ethod of a  spin disordered s ta te  w ith local 
AF order. T h ird , we have constructed  a new general LCGO program  package to 
perform  the  all-electron, spin-density-functional, self-consistent cluster-em bedding 
calculations. This package adop ts b o th  the  charge fitting and  excliange-correlation 
po ten tia l fitting procedures.
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For the  past 50 years, the  insulating n a tu re  of the transition -m eta l m onoxides, 
so-called M o t t  in s u la to r s ,  has been a continuing problem  for the  condensed- 
m a tte r  physics com m unity. Because of their sim pler s tru c tu res , the  transition- 
m eta l m onoxides like NiO and  CoO provide opportun ities for a b e tte r under­
s tand ing  of the  electronic s tru c tu re  of these highly correlated  m ateria ls, which is 
clearly a  key to  microscopic theories of liigh-Tc superconductivity . Due to  h isto r­
ical reasons, NiO and CoO have been the  m ost im p o rtan t M ott insulators.
NiO has been extensively studied previously.32-39 Early  investigations of the 
properties of NiO are sum m arized in a  review by A dler and Feinleib.40 M any 
theoretical calculations have been perform ed, b u t controversy still exists. T he es­
sential question is w hat m odel furnishes a  reasonable s ta rtin g  point for describing 
the  properties of NiO. Param agnetic  energy band  calculations predict th a t NiO 
should be a m etal. Spin-polarized energy band  calculations have given some cor­
rect answers for the  g round-sta te  properties of NiO (antiferrom agnetic  insulating 
ground s ta te  w ith correct Ni 3d and O 2p energy order),41-44 b u t they  failed to  
give the  correct m agnetic m om ent of nickel ion. In  addition, the  pred icted  energy 
gap is too small. M ott, H ubbard  and A nderson have argued th a t the  one-electron 
approxim ation breaks down for these transition -m eta l m onoxides, because 3d elec­
trons are strongly correlated .45-47 M ott illu stra ted  th a t the  simple band  picture 
breaks down and a gap opens when the  Coulomb in teraction  param ete r is larger 
th an  the  bandw id th .46 A system atic  description of the  M ott insulators has been 
given by B randow .48 This m odel’s problem  is, even after five decades, it is com ­
m only acknowledged th a t there  is still no satisfactory theoretical explanation for 
this class of m aterials. Recently, Fujim ori and M inani,49,50 Sawatzky and  Allen 51
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have given ano ther picture of NiO: the  strong  Ni d-d  Coulom b in teraction  leads 
to  a  large correlation gap in the  Ni 3d band; the  oxygen 2p hole s ta tes lie inside 
th e  3d correlation gap and form  a  charge transfer gap w ith the  em pty  upper 3d 
band . This p icture can explain the  energy gap and  the  valence-band satellite of 
NiO, b u t fails to  in te rp re t the  angle-resolved photoem ission da ta .
T he situation  in CoO is m uch less clear th a n  th a t in NiO, prim arily  because 
fewer experim ental and  theoretical studies have been carried o u t.52-56 T here is 
some evidence, however, th a t CoO appears to  be sim ilar to  NiO. The optical- 
absorp tion  coefficient of CoO is sim ilar to  th a t of N iO .57 Sim ilar pliotoem ission 
sp ec tra  have been observed for NiO and  C oO .58-60 T he two m aterials have nearly 
sam e values of Hall mobility.40,61 B oth show antiferrom agnetic  transitions, a t tem ­
p era tu res  of 525 K  and  289 K , respectively.62'63 Unlike NiO, CoO has an odd num ­
ber of electrons per unit cell, which m akes it m ore difficult for the  band  theory  to 
reconcile its insulating natu re . Even using the  S later approach  to  an tiferrom ag­
netism  (each unit cell contains two CoO m olecular units so th a t the num ber of 
electrons per cell is even), the  results of spin-polarized band  calculation still show 
a m etallic n a tu re  for CoO in b o th  param agnetic  and  antiferrom agnetic  phases.41’44
NiO and  CoO are believed to  have bo th  localized and  band  p roperties.59,60 
They are antiferrom agnets. An accurate em bedded cluster calculation which em ­
ploys a high quality basis set has two advantages: (1) this m ethod  can describe 
bo th  localized and band properties, including excitations; (2) th is m ethod  can 
give a  good description of m agnetic properties for b o th  the spin-ordered and the 
spin-disordered state.
T he theoretical s tudy  of NiO and  CoO presented  in th is work m akes progress 
in two respects. (1) For the  first tim e, the  charge d istribu tion  properties of ex­
cited s ta tes are investigated theoretically. Based on the  resu lts, we proposed a new 
explanation for the  insulating n a tu re  of transition -m eta l m onoxides which can ex­
plain b o th  NiO and  CoO consistently: the  excited 3d sta tes  are well localized and  
cannot form  a m etallic band; so b o th  NiO and  CoO are charge transfer insulators 
w ith  the  0 -2 p  —> cation-3d gaps of abou t 4 and  5 ev, respectively. (2) For the 
first tim e, the  theoretical sim ulation of the  spin-disordered s ta te  w ith local an ti­
ferrom agnetic (A F) order is perform ed, which produced the  first d irect theoretical 
dem onstration  th a t the  electronic s tru c tu re  in local A F pair rem ains unchanged 
w hen NiO or CoO go from  param agnetic  phase to  an tiferrom agnetic phase. T he 
sim ulations produced reasonable values of the  Neel tem p era tu re  for bo th  m a te ­
rials. Actually, the  calculated results lead to  a n a tu ra l in te rp re ta tio n  of alm ost 
all experim ental da ta . This suggests th a t the  self-consistent cluster-em bedding 
m ethod  is a good startin g  point to  describe the  transition -m eta l monoxides.
H igh-Tc superconductors usually contain C u-02 planes, which are believed 
to  be responsible for the  superconductivity . It is expected th a t the  electronic 
s tru c tu re  of these Cu-oxides should bear a resem blance to  th a t of o ther 3d-oxides 
like NiO, CoO, etc. Considering the  advantages of the  self-consistent cluster- 
em bedding m ethod  described above, we th ink  th is m ethod  m ay be a hopeful way 
to  study  the  liigli-Tc superconductors.
T he organization for the  rest of this d isserta tion  is as follows. C hap ter 2 
describes our theoretical model. T he basic form ulae of the  self-consistent cluster-
em bedding m ethod are derived in section 2.1. Section 2.2 gives a  detailed discus­
sion of the  o r th o g o n a l i ty  c o n s t r a in t ,  which is crucial to  th is m ethod . C hap ter 
3 explains our com putational procedures in detail, using NiO as an  exam ple. The 
concepts for choosing the  cluster and  the  basis set are discussed. T he rules to  de­
term ine the  c u to f f  rad ius are given. Two fitting procedures are discussed briefly.
C hap ters 4 and 5 are concerned w ith the  electronic s tru c tu re  of NiO. We con­
cen trate  on NiO in particu lar because m uch experim ental and  theore tical infor­
m ation  is presently  available. T he calculated results for a tw o-atom  N i-0  cluster 
are given in chap ter 4. C hap ter 5 gives calculated results of a  four-atom  N 12O 2 
cluster, and  provides a  com parison w ith the  experim ental d a ta  of bulk NiO. In 
section 5.1 we describe the  cluster ground s ta te  w ith  focus on its  dual p roperty  
(localized and  band  properties) and  th e  an tiferrom agnetic  n a tu re . Section 5.2 in ­
te rp re ts  the  optical properties of NiO; section 5.3 explains the  photoem ission da ta . 
T he m ethod  to  sim ulate the spin-disordered s ta te  w ith local A F order is explained 
in detail in section 5.4, which also gives the  results of NiO. The energy gap and 
the  new explanation of the  insu lating  n a tu re  of NiO are discussed in section 5.5.
T he electronic s tru c tu re  of CoO is described in chap ter 6. T he discussion in 
this chap ter is m uch sim per th a n  the  previous chap ter because of the  sim ilarity 
betw een CoO and  NiO. A discussion of the  results of chap ter 4, 5 and  6 is given 
in section 6.5. C hap ter 7 sum m arizes the  results.
T he derivation of equation (2.7) is given in A ppendix A. A com plete set of 
com puter program s is given in A ppendix  B. T he sam ple in p u t and  o u tp u t for a 
test case of tw o-atom  N i-0  em bedded cluster are also included in A ppendix  B.
C H A P T E R  2 
T H E O R E T IC A L  M O D E L
This chap ter gives a  theoretical discussion of the  self-consistent cluster em bed­
ding m ethod. T he central problem  is how to  distinguish the  cluster-electrons from 
the  background-electrons w ithou t changing the  to ta l energy of the  system .
T he g round-sta te  energy functional of N  in teracting  electrons and  M  nuclei 
can be w ritten  in the  form :1
EgIp]  =  T[p] +  E M  +  J  j
- 2E  /  I ^ T T T *  +  E t / 'V - (2-1)j ^ J  lr-H.il ^IRj-B.,1
•Vj
w here T[p] is the  kinetic energy of the  nonin teracting  electrons. R ; and Z a r e  
the  position and charge of i’th  nucleus, respectively. Unless otherw ise specified, 
atom ic units are used th roughou t this work (e2= 2 , h = l ,  2m e= l ) .  T he local spin 
density approxim ation m eans
E M  =  /  pd"(r) )dr ,  (2.2)
w here the  function exc is taken  from  the  exchange-correlation energy density of an 
uniform  in teracting  electron system . In o rder to  get a Schrodinger-like equation, 
a  set of spin orbitals are in troduced  to  m ake T[p] and  p (r )  have the following
9
forms:
Mr) =/>“»  +  / »  =  £  £  |# f ( r ) |2, (2.3)
<? occupied. I
TM =  E  £  /  * f* ( r ) ( -V 2)$?(r)<ir . (2.4)
c  occupied I
Eq. (2.3) can be exact, b u t (2.4) is an  approxim ation. At the  present tim e, we do 
no t include relativistic effects. By varying the  g round-sta te  energy w ith respect 
to  $ £* (r) under the  conservation rule: 8 f  p(r)dr  == 0, the  K ohn-Sham  equations 
are ob ta ined :2
+ 2 /  ]7=vj‘(r'" + F- (r)}$*(r) = (2-5)
where the  exchange-correlation po ten tia l V ^ r )  is
O r )  =  ^ j ( M r ) f e ) .  (2.6)
2 .1  F u ll p o te n tia l e m b e d d in g
We separate  the  N  electrons in to  N i  electrons and  N 2 electrons, the  M  nuclei 
in to  M \  nuclei and  M 2 nuclei, w here N i  and  M i  refer to  the  cluster and N 2 and 
M 2 to  the  background. If p i( r )  is the charge density of the  ATi electrons, and 
P2(r ) is the  charge density of the  N 2 electrons, it can be proved th a t  the  to tal
10
gro und-sta te  energy (2.1) can be rew ritten  as (see A ppendix  A):
JM/.,+*] = iW  + iW  + /
i r  [ ! l "V' f  + M r))£>, . v - .+*W/>. +  « ]  -  2 ^  J  ----------------  dr + f  (2.7)
t= l J
Suppose we already know the  charge density P2(r)- If we apply (2.3) and  (2.4) to 
pi  and  T\p i \ ,  by varying E q [p \ +  ^ 2] w ith respect to  <^£*(r) under the  conservation 
rule 8 J  p \ ( r )d r  = 0, we get the  new K ohn-Sham  equation:
{ _ V 2 + 2J  £l(rl±£2<S)dt' _ 2̂ ^^ + V̂(r)}«(r) = Â(r). (2.8)
E quation  (2.8) can be solved only if the surrounding charge density P2(r ) is already 
known. In  a crystal, p2(r ) can be obtained  by using the  periodicity. If we choose 
the  p rim ary  cell of the  crystal as our cluster, and  p i( r )  as its charge density, then
P2(r) =  X) ~ R «)’ (2-9)
where R o = 0  is the  origin of the  cluster. The sum m ation  is over all surrounding  
cells.
T he to ta l g round-sta te  energy E q is p roportional to  the  num ber of cells. We 
need a  form ula to  represent the  energy of a  cell. This form ula should satisfy two 
requirem ents. For an a rb itra ry  system  which contains k  cells, if the  energy of each 
cell is represented  by the  form ula, then: (1) the to ta l g round-sta te  energy is equal 
to  the  sum  of the  energy of each cell; (2) for a crystal, if k goes to  infinity, the
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energies of all cells converge to  a  sam e value of E a / k .  For a system  containing 
two electrons, each electron has half of the  to ta l in teraction  energy. Using this 
idea and  separating  E xc[pi +  p%] into:
E xc[pi + P2] =  J  '̂ 2/{P \ +  P2 )exc((pi +  P2)up> (pi + P l ) d n ) d Y
= J'£pU*c(p'‘p,f>dn)dr + J  Y i pWc(p"’,pdn)dv
=  E xc\[p \ ,p2) +  E Xc2[pi j P2] j
we get:
where
E g [N,M ]  =  E ! [ N u M i ] + e 2[n 2, m 2\,
E x W u M x )  =  T[P1\ + E xcl[P l , p 2} +  J  J  ^ - [ ^ p drdr'
E 2 has the  sam e form  as E \  except for exchange of p\ and  p 2. Fixed nuclei were 
assum ed and the  Coulomb in teraction  energy betw een the  nuclei was removed 
(for a  fixed lattice, th is is a constan t). The definition (2.10) has no effect, on 
the  calculation, b u t the  accurate  represen tation  of the  em bedded c luster’s energy 
m akes th is m ethod  useful in the  study  of m agnetic s tru c tu re . T he m ethod  to  
sim ulate a  spin-disordered s ta te  w ith  local AF order will be discussed in detail in 
chap ter 4 and  5, using NiO as an exam ple.
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2 .2  O r th o g o n a l i ty  c o n s t r a in t
U nfortunately, form ulae (2.8) and  (2.9) cannot give correct results because the 
electrons of the  cluster atom s collapse in to  the  core region of surrounding  atom s, 
m aking the  result to tally  m eaningless. In  equation (2.8), all po tentia ls produced 
by surrounding  M 2 atom s are exactly the  sam e as in equation (2.5), so why do 
equations (2.8) and  (2.5) yield different results? Actually, equations (2.8) and 
(2.9) together are no t equivalent to  the  original K ohn-Sham  equation  (2.5). Using 
equation (2.5), the  electron wave functions of all M  atom s will orthogonalize w ith 
each o ther, and  a band-electron will shared by all atom s. B ut if equations (2.8) 
and  (2.9) are used, N \  electrons will be separa ted  from  N 2 electrons, and  only the 
electron wave functions of M \  a tom s in the  cluster will orthogonalize w ith each 
o ther. No electron wave functions of surrounding  atom s appear in equation (2.8). 
Now a band-electron of the  cluster should be shared only by the  atom s in the 
cluster. The separation  of electrons and the  absence of some kind of constra in t  to 
the  surrounding M 2 atom s caused the  collapse. We need to  find a  way to  separate  
the  electrons w ithout changing th e  to ta l energy of the  system . In an atom ic core 
region of a  solid, all electron orbitals are filled, the  core is h a r d ,  which m eans it 
is difficult for additional electrons to get into the  h a r d  c o re .
Instead  of the wave function used in pseudopotentia l argum ents, we try  to 
discuss this problem  in the viewpoint of to ta l energy. Here we in troduce our basic 
assum ption: “The possibility of an electron of a cluster a tom  getting  in to  the 
h a r d  c o re  of surrounding  atom s is alm ost zero” . F irst, a new equation is derived 
from  this assum ption. T hen we discuss the physical m eaning of the  assum ption.
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If p i( r )  is the  charge density of the  cluster, th en  the  assum ption  can be expressed 
m athem atically  as:
/ ? l ( r ) | r  in  core j  =
w here j = l ,2 ,  M 2 , indicating the  core regions of all surrounding  atom s. Suppose
th ere  is a  po ten tia l Vor:
( M2
V  =  < | r - f e " - |  ’ ^  r  ŝ ^n  6 core ° f  su rround ing  atoms]  ^  12)
( 0, otherwise.
C om bining (2.11) and (2.12), we get
Pl(r)Vor{r) = 0 (2.13)
in whole space. So we can add a  te rm  J  V0r ( r ) /^ l  ( r )d r  in to  the  right side of equation
(2.7) w ithout changing the  to ta l g round-sta te  energy E g  • If we w rite the  equation
(2.8) as
I T M r )  -  A £ # ( r ) ,  (2.14)
by using sam e variation m ethod , we finally get a  new equation:
{ H ° + V „ } f t ( T )  = X l P k (r).  (2.15)
T he question is does equation (2.15) im ply equation  (2.11), i.e., is our basic as­
sum ption  self-consistent? Actually, the  po ten tia l Vor cancels the nuclear Coulom b 
poten tia l in the  core regions of all surrounding  atom s (not including cluster atom s). 
C luster-electrons will only feel an electron-electron positive Coulom b po ten tia l in
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these  areas and  be forced ou t. T he results of our calculation show, for a clus­
te r  w ith  36 electrons, only a to ta l of 0.0006 electrons rem ain  in all core regions 
of the  surrounding  116 atom s. So equation (2.11) and (2.13) are satisfied very 
accurately, which m eans the  g round-sta te  energy E q can still be calculated by 
equation  (2.7) and Vor has no con tribu tion  to  the  g round-sta te  energy. We call Vor 
the  o r th o g o n a l i ty  c o n s t r a in t .  E quations (2.15) and (2.9) are the  basic formulae 
of our calculation.
W e have proved th a t if our basic assum ption is correct, equation (2.15) will 
give the  correct charge density, and  Vor will m ake no con tribu tion  to  the ground- 
s ta te  energy. Now the  key po in t is: is our basic assum ption  reasonable? F ig .l 
can help us to  explain the  s itua tion  m ore clearly. A pparently , the  potentials 
(nucleus-electron Coulom b po ten tia l, elect.ron-electron Coulom b potential, and the 
exchange-correlation po tential) produced by b o th  cluster a tom s and surrounding 
atom s in whole b lank area of F ig .l are exact. T he orthogonality  constrain t  
prevents the  cluster electrons from  getting  in to  the  dashed area which represent 
the  cores of the  surrounding atom s. We believe this is a good approxim ation to 
the  real solid. A simple argum ent is as follows. For a real solid, if one additional 
electron gets into a filled core, one of the  original core electrons m ust get out of the 
core. T he indistinguishability  of electrons requires th a t the  core to  be unchanged, 
i.e., the  core is h a rd .  B ut in the  cluster em bedding calculation, p\ is distinguished 
from  p 2 (see A ppendix A). T he only way for the  hard  core to rem ain unchanged 
is to  prevent p\  from  getting  info it.
One im p o rtan t conclusion can be obtained  from above discussion: whatever 
the  core radius is, the form ula (2.7) for the to ta l g round-sta te  energy rem ains valid
Cluster 
area
F ig u r e  1. C luster area  and  th e  su rround ing  atom ic cores
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provided th a t the  condition (2.11) is satisfied. T he only effect of increasing the  core 
rad ius is th a t  pi  is pushed fu rth er away from  th e  surrounding  nuclei. Com pared 
w ith the  to ta l volume, the  change of core volum e caused by a reasonable change 
of core rad ius is very small. This explains why the  calculated results are not 
sensitive to  the core radius if the  system  is not in a collapsed s ta te . In this sense, 
the  self-consistent em bedded-cluster m ethod is accura te  if the  condition (2.11) is 
satisfied. In  the  next chapter, we will see th a t the  core rad ius can be actually well 
determ ined  by using two simple rules.
T he choice of Vor is not unique. We choose definition (2.12), which m eans th a t 
the  force which pushes the  pi  out of core comes from  the  core charge density p%. 
Consequently, the  p\ which is near the core is effected by the  core charge density 
P2 • O ur choice is sim ilar to  the  m ethod  used by Ellis and  collaborators.21,22’25 
They tre a t this problem  by truncating  the  deep core potentials (which surround 
the  cluster) a t an energy Vp to  a  constant. Usually the  Vp =  E p  (Ferm i energy). 
I t is found th a t the  change of Vp over a reasonable range has very little  effect on 
calculated p roperties.21
O ur em bedding approach is actually a kind of electron charge renorm alization. 
T his renorm alization separates the  cluster-electrons from  the  background-electrons 
under the  condition th a t the  to ta l energy of the  system  is unchanged. Since the 
to ta l c rystal po tentia l applied on the  cluster is sam e (Vor has effect only on the 
cluster-cliarge-density p\ in surrounding core regions where p\  is zero), the local­
ized and  spread properties of the  charge d istribution  in the  cluster should not be 
destroyed, which provides a good opportun ity  to  s tudy  these properties. An exam ­
ple will m ake the  discussion above m ore clear. In real solid NiO, we assum e th a t
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each oxygen 2p electron is shared  by all oxygen atom s — > which m eans oxygen 2p 
bands; while each nickel 3d electron is well localized and  a ttach ed  to  a particu lar 
nickel a tom . T hen  for an  em bedded Ni2 C>2 cluster (see chap ter 5), the  electron 
charge renorm alization m akes each oxygen 2p electron shared  by two oxygen atom s 
in the  cluster; while each nickel 3d electron is still a ttached  to  a particu lar cluster- 
nickel a tom . So the  localized and  band  properties are preserved in  the  em bedded 
cluster. In our opinion, the  com plete knowledge of a solid’s electronic struc tu re  
contains two parts : (i) the  s tru c tu re  of energy eigenvalues; (ii) the  localized and 
band  properties of electrons and  holes. Because the  energy-band calculations have 
never given a real narrow  band , the  self-consistent cluster em bedding m ethod  m ay 
be the  only m ethod  which can provide a  com plete knowledge of a solid’s electronic 
s tru c tu re . T he m ain restriction of th is m ethod  is th a t  the  calculated eigenvalues 
are discrete because the  num ber of atom s in a cluster is finite.
In  conclusion, the  following points have been em phasized. In  the  whole blank 
area of F ig .l , the  potentials are exact. The o r th o g o n a l i ty  c o n s t r a in t  V or keeps 
the  p i out of the  dashed area. V or itself has no contribution  to  the  g round-sta te  
energy. We believe such a  charge density pi  is a good approxim ation  to  a real 
solid.
C H A P T E R  3 
C O M P U T A T IO N A L  P R O C E D U R E
A general p rogram  package for an em bedded cluster system  has been devel­
oped by the  present au th o r, based  on the  general free-cluster program  package 
developed by D r. H. C hen ,14. T he LSDA K olin-Sham  equation (2.15) is solved 
self-consistently. Beginning w ith  the  tria l charge density p\  of free a tom s, the  
charge density p% of the  surrounding  atom s is obtained  by using equation (2.9), 
and  then  the  tria l H am iltonian H a and  Vor are evaluated. A fter solving equation 
(2.15), the  eigenfunctions <££(r) are used to  build the  new charge densities pi  and 
p 2 , and  the  next ite ra tion  begins. We discuss several points in detail, using NiO 
as an  exam ple.
3 .1  C lu ster
From  equation  (2.15), it is ap p aren t th a t the  eigenvalues are determ ined by 
the  to ta l po ten tia l { H a + Vor}.  Unlike the  free cluster, the  point sym m etry  of 
an em bedded cluster is of m uch less im portance  to  the eigenvalues, because the 
surrounding  atom s can provide alm ost the  sam e potentials as the  cluster-atom s. 
This will be discussed fu rth er in section 5.1. In order to  avoid the  approxim ate 
density  decom position (according to  M ulliken populations) and  to keep crystal 
stoichiom etry, clusters like N i n O n are  chosen. Since disk storage space is lim ited, 
there  are two choices: use a sm all basis set to  calculate a relatively large cluster, 
or use a high quality basis set to  calculate a  small cluster. In this work, we prefer
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the  la tte r , since a  high quality basis set is crucial to  investigate bo th  localized 
and ex tended properties of NiO and  to  get reliable excited states. NiO is an 
an tiferrom agnet; because of the  superexchange effect, we should calculate at least 
a  four-atom  em bedded cluster which is actually  the  m axim um  size our com puter 
can accom m odate. A two step m ethod  is used because of the  lack of disk-storage 
space. In  the  first step , a tw o-atom  Ni-Q em bedded cluster is calculated w ith 
the  self-consistent de term ination  of the  surrounding  charge density. T he purpose 
of th is step  is to  get the  charge density pi,  and  to  s tudy  the  direct exchange- 
correlation effect. In the second step , a  four-atom  M 2 O 2 em bedded cluster is 
calculated w ith fixed surrounding  charge density p 2 - Initially, p 2 is built from  p\ 
of the  first step . T hen  p 2 is bu ilt from  p\  of the  new results of four-atom  Ni2 C>2 
cluster again and  again; self-consistency is roughly reached in this repetitive way. 
All properties of solid NiO are ob ta ined  from  this step.
3 .2  B a sis
In  order to  solve Eq. (2.15), the  single-particle wave functions are expanded 
in to  a  set of known basis functions:
«  = E C7s (''’ f3-1)
i
w here are the  expansion coefficients and Ui are the  basis functions. Here, 
G aussian orbitals are used as the  basis function. The advantage of using G aus­
sian orb itals is th a t alm ost all the  integrals can be evaluated analytically. The 
disadvantage is th a t  a  G aussian function does not behave as a tru e  single electron
20
wave function either a t large or short distances from  the  nuclei. T hus a large num ­
ber of basis functions are needed in o rder for equation (3.1) to  be complete; i.e., 
the  basis set should be of high quality. Table 1 gives the  basis set of NiO which 
was originally provided by W achters64 and van D uijneveldt.65 T he nickel 3d basis 
functions were reoptim ized by R appe et al.66 For oxygen, a  d polarization function 
was included.67 The use of the  orthogonality  constra in t  m akes it possible to use 
a high quality basis set, which is crucial to the  calculation. C om pared with the 
original basis, 4 exponents have been inserted  and 19 diffuse exponents have been 
added , the  sm allest (0.0095) enables the  basis to  reach up to  7 th  nearest atom . 
T he ratios betw een added adjoining exponents is abou t 2. In order to  reduce 
the  size of the  H am iltonian m atrix , two nickel s, one nickel p and  one oxygen s 
con tracted  basis functions were used (they represent m ostly the  inner electrons). 
All o th e r basis functions are independent. A small change of the  basis set tested  
in a tw o-atom -cluster calculation only caused less th a n  0.03 ev difference for all 
eigenvalues. We considered this to  be an adequate indication of convergence.
3 .3  C ore reg io n  o f  su rro u n d in g  a to m s
T he orthogonal ity  constra in t  Vor of equation (2.12) is evaluated numerically 
in each core region of the  surrounding  atom s. Because all inner orb itals are filled, 
the core region is of spherical shape. In the  core regions, we m ultiply Vor by a 
function /  which is alm ost a step  function (see Fig. 2). The only purpose of /  
is to m ain ta in  the  continuity  of po ten tia l at the point ro- The cutoff radius ro is 
ad justed  according to  two simple rules: 1) avoid num erical instability ; 2) keep
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T able l . ( a )  Basis set of nickel a tom
Original Our basis * Original Our basis




same 284878. 3.200D-04 k same 1774.18 2.9500D-03
same 41997.9 2.460D-03 k same 423.403 2.3370D-02
same 9627.67 1.254D-02 * same 138.311 1.0406D-01
same 2761.96 4.926D-02 k same 53.1703 2.8226D-01
same 920.488 1.495D-01 k same 22.3874 4.3486D-01
same 341.805 3.264D-01 k
k same 9.92848 1 .0 0 0 0
same 138.023 4.0474D-01 k same 4.11625 1 .0 0 0 0
same 59.2587 1.9186D-01 :k same 1.71031 1 .0 0 0 0
k same .672528 1 .0 0 0 0
same 20.3712 1 .0 0 0 0 * .170446 1 .0 0 0 0
same 8.59400 1 .0 0 0 0 * .083145 1 .0 0 0 0
same 2.39417 1 .0 0 0 0 k .040558 1 .0 0 0 0
same .918169 1 .0 0 0 0 * .019785 1 .0 0 0 0
.205000 1 .0 0 0 0 k .009651 1 .0 0 0 0
.130176 .129199 1 .0 0 0 0 k
.046392 .060093 1 .0 0 0 0 k
.027950 1 .0 0 0 0 *




same 58.7300 1.0000 ★ .342741 1.0000
same 16.7100 1.0000 * .1825 .173980 1.0000
same 5.78300 1.0000 * .088315 1.0000
2.064 2.826482 1.0000 * .044830 1.0000
1.381463 1.0000 * .022756 1.0000
same .675200 1.0000 * .011551 1.0000
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T a b le  l . ( b )  Basis set of oxygen atom
Original Our basis * Original Our basis
S(ll) * P (13)
Exponent Coefficient * Exponent Coefficient
same 105374.95 1.4300D-04 k same 200.00000 1 .0 0 0 0
same 15679.240 1.1230D-03 * same 46.533367 1 .0 0 0 0
same 3534.5447 5.9800D-03 k same 14.621809 1 .0 0 0 0
same 987.36516 2.5562D-02 * same 5.3130640 1 .0 0 0 0
same 315.97875 9.2590D-02 * 2.102525 2.6675250 1 .0 0 0 0
same 111.65428 2.81749D-01 * 1.3392810 1 .0 0 0 0
same 42.699451 6.77164D-01 * .850223 0.6724120 1 .0 0 0 0
k same 0.3375970 1 .0 0 0 0
same 17.395596 1 .0 0 0 0 k .128892 0.1713690 1 .0 0 0 0
same 7.4383090 1 .0 0 0 0 k 0.0869890 1 .0 0 0 0
same 3.2228620 1 .0 0 0 0 k 0.0441570 1 .0 0 0 0
same 1.2538770 1 .0 0 0 0 k 0.0224150 1 .0 0 0 0
same .49515500 1 .0 0 0 0 k 0.0113780 1 .0 0 0 0
same .19166500 1 .0 0 0 0 k
.09043500 1 .0 0 0 0 k
.04267100 1 .0 0 0 0 * d(l)
.02013400 1 .0 0 0 0 k
.00950000 1 .0 0 0 0 k same 1.154000 1 .0 0 0 0
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F ig u r e  2 . T he f function
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to ta l energy m inim um . In  practice, ad justing ro is simple. W hen ro is too small, 
c o lla p se  occurs, the  to ta l energy becomes m uch lower, and there  are m any neg­
ative M ulliken population  num bers. This shows instability . Increasing ro will 
increase the  to ta l energy (p\ is pushed away from  the  surrounding  nuclei) and 
decrease th e  num ber of negative Mulliken populations. W hen all orbitals have 
physically m eaningful Mulliken populations, the  ad ju stm en t is finished so the  to ­
ta l energy is a t a m inim um . We call th is value of ro an  op tim um  value which gives 
the  best quality  of po ten tia l produced by surrounding  atom s. T here is still some 
em pirical charac te r to  the  op tim um  choice of ro. O ur experience shows, when ro 
is a  little  larger or sm aller th a n  the  op tim um  value, the  order of energy levels 
rem ains the  sam e. T here  are som e sm all shifts of o rb ita l energies, m ost in the  
sam e direction. This does not change the  general p icture.
3 .4  T w o  f i t t in g  p r o c e d u r e s
Two fitting  procedures have been used 14 in order to  avoid the  calculations of 
enorm ous num bers of four-center, two electron integrals. One is the  charge density 
fitting:
Pa(r ) ~ J 2 akafk(r) ,  (3.2)
k
2
where /*. is fitting  basis. We use spherical G aussian functions of s type (e~aT ) 
and  r 2 type (r2e~ar ) centered a t each a tom  as the  fitting basis functions. The 
fitting  coefficients were evaluated analytically by a  variational procedure which 
minim izes the  errors in electrostatic  energy. T he second is the exchange-correlation
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po ten tia l fitting:
C(r) «  X > „ / l ( r ) .  (3.3)
I
T he fitting  basis functions are the  sam e as in (3.2). Num erical in tegrations were 
perform ed to  determ ine the  least-squares fitting  coefficients. We use the  von B arth  
and  H edin6 form  of the  exchange-correlation potentia l, as param eterized  by Ra- 
jagopal et al.68
Because p\  is alm ost zero in the  core region of surrounding  atom s, we use the 
approxim ation:
Exd[pi,p2}  = J  p i ^ x c ( p u p , p d n ) d r  «  J  P i e x c (p ' {p , p f n ) d r  (3.4)
in these regions. T he results actually  rem ain the  sam e, b u t the  CPU  tim e is 
reduced by abou t one th ird .
C H A P T E R  4 
R E S U L T S  F O R  A  T W O -A T O M  N i-O  C L U S T E R
Figure 3(a) shows the  tw o-atom  N i-0  cluster s truc tu re . Figure 3(b) shows 
som e of the  surrounding  116 Ni and  0  atom s. T he lattice constan t used in our 
calculation is 4.1684 A, the  value of the  la ttice  constan t in crystaline N iO .69 W hen 
an a to m  is far d is tan t from  the  cluster, we can use a point charge to  approxim ate 
its potentia l. An ionic em bedding procedure is used here .17 A to ta l of 5084 point 
charges filling a  17 x 17 x 18 cuboid has been used. F igure 3(c) shows the  geom et­
rical arrangem ent of these po in t charges. The point charges were placed on the 
atom ic sites which surround  the  N i-0  cluster and  116 atom s. T he locations of the 
em bedding charges were those of the  tru e  crystal s tru c tu re , in which + 2 |e | charges 
were p u t on Ni sites, and -2|e| charges on O sites. On the  ou tm ost boundary, frac­
tional (1 /2 , 1 /4  and 1 /8) charges were p u t on the  faces, edges, and corners. This 
arrangem ent m akes the M adelung constan t on nickel atom  and oxygen atom  in 
the  cluster equal to  1.747565, which is sam e as the  exact M adelung constan t of an 
ionic crystal w ith  the  sodium  chloride s tru c tu re .62 T he orthogonali ty  constrain t  
is applied to  b o th  surrounding  atom s and  point charges.
An im p o rtan t question arises: is this arrangem ent a good re jnesen tation  of 
the  crystaline environm ent? T his question has been investigated. Table 2 shows 
the  variation of some calculated electronic s tru c tu re  properties w ith respect to 
the  num ber of surrounding atom s. Table 3 similarly shows the  variation of some 
calculated electronic s tru c tu re  properties w ith respect to  the  num ber of point 
charges. B oth  tables show a satisfactory  degree of convergence when 116 atom s
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and 5084 po in t charges are used. We expect the  116 atom s and 5084 po in t charges 
will p roduce an  accura te  solid p o ten tia l in the  cluster area.
A  oxygen
O  nickel





F ig u re  3 .(b ) 116 surrounding  atom s. O  is Ni a to m - •  is 0  a tom . Only the 




F ig u re  3 .(c) 5084 point charges in  a  17 x 17 x 18 cuboid. For Ni sites, q =  
+ 2 |e |; for O sites, q =  - 2 |e |. Only p a rt of point charges on the  ou tm ost boundary  
is shown.
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T a b le  2 . The convergence test w ith respect to  the  num ber of 
surrounding  atom s. (T w o-atom  cluster. T he  to ta l num ber 
of surrounding  atom s and  the  po in t charges is 5200.)
Number of Ef Energy Width of Ni Energy gap between
surrounding gap 3d bands Ni 3d bands and











T able 3. T he convergence test w ith respect to  the  num ber of 
point charges. (T w o-atom  cluster. T he to ta l num ber of 
surrounding  atom s is 116.)
Number of Madelung Ef Energy Width of Ni Energy gap between
point gap 3d bands Ni 3d bands and
charges constant (Ry) (ev) (ev) O 2p bands (ev)
2248 1.747568 -0.3491 0.212
3482 1.747563 -0.3387 0.208








The to ta l num ber of basis functions is 156, while the  to ta l num ber of fitting 
basis functions is 64. Using the  two simple rules in troduced  in section 3.3, we 
found, after several tria l calculations, th a t the  op tim um  values of the  cutoff radii 
of Ni and 0  atom s were 0.369 a.u . and  1.131 a.u ., respectively. In the calculation 
of Vor, 1376 points and  2494 points are used for the  nickel core and  oxygen core, 
respectively. A to ta l of 183720 points filling the  big cuboid in Fig.3(b) is used 
in the  calculation of Vxc. T he to ta l num ber of cluster-electrons rem aining in the 
surrounding core regions is 0.0006, which m eans the  condition (2.11) is well sa t­
isfied. In general, the  to ta l energy can achieve the accuracy of 10~7 Ry after 60 
SCF itera tions, so we can com pare the  energies in un it K .
Table 4 shows the  results w ith antiferrom agnetic s tru c tu re . T he antiferrom ag­
netic s tru c tu re  of NiO, according to  neu tron  diffraction experim ents,70 is shown in 
Fig.4. It is easy to  arrange the  atom ic spin directions of surrounding  atom s in our 
calculation. In density functional theory, only two spin directions are considered: 
up and down. O ur spin-polarized calculation produces two charge densities: pup 
and pdn (N ote, no spatial direction is assigned to  up  or down).  As an approxim a­
tion, we define the  atom ic spin direction in the  sense of electron spin direction: 
If J  pupdr  is larger th an  J  pdndr,  the  atom  has up atom ic spin direction. The 
exchange of pup and  pdn implies a change of the  atom ic spin direction. W hen we 
construct the background charge density p 2 in each surrounding  cell, we can easily 
choose the atom ic spin direction by exchanging the  and pdn. T he disadvantage 
of this definition is th a t each a tom  has only two atom ic spin directions. This will 
not effect the calculation of ferrom agnetic and antiferrom agnetic sta tes. B ut for a 
disordered s ta te , th is is an approxim ation.
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T a b le  4. R esults of tw o-atom  N i-0  cluster 
w ith antiferrom agnetic  s tru c tu re
Fermi Energy Width of Ni Energy gap between Spin magnetic
energy gap 3d bands Ni 3d bands and moment
(Ry> (ev) (ev) O 2p bands (ev) <v
-0.3302 0.204 2.27 1.30 1.97
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F ig u r e  4 . M agnetic s tru c tu re  of NiO. Only Ni ions are shown in the  d iagram .
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W hen we calculate the  disordered s ta te , the  spin up a tom s and the  spin down 
a tom s are chosen random ly by a random  num ber generating subrou tine under 
the  condition th a t  the  num ber of spin up atom s should be close to  the  num ber 
of spin down atom s. Table 5 gives our results. All results are calculated self- 
consistently. No m agnetic in teraction  appears in our calculation. T he difference 
of to ta l energy is caused purely  by the  exchange-correlation in teraction . Table 5 
shows th a t  the  spin m agnetic m om ent of nickel ion is actually  sam e for all spin 
disordered stru c tu res  and  for an tiferrom agnetic s tru c tu re . In  general, the to ta l 
energy is de term ined  by the  12 second nearest nickel ions (to  the  cluster-N i atom ). 
Because of the  0.03 fiR unphysical spin m agnetic m om ent of the  oxygen ion and 
the  diffuse p roperty  of the  charge density, there  is a big effect coming from the 6 
nearest oxygen ions (to  the  cluster-N i atom ) and  the 6 nearest nickel ions (to  the 
c lu ste r-0  a tom ). The conclusion is: The parallel spin m agnetic m om ent lowers the 
to ta l energy and  the  antiparallel spin m agnetic m om ent raises the  to ta l energy. To 
explain th is resu lt, we note th a t the cluster contains only one Ni atom . Only direct 
exchange-correlation energy betw een cluster-atom s and  the  surrounding  atom s is 
included. This result implies th a t  the  antiferrom agnetic s tru c tu re  of NiO is not 
form ed by the  direct exchange-correlation effect.
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T a b le  5 . R esults of tw o-atom  N i-0  cluster w ith different 














1 all spin up 
(58 up, 0 down)
12 0 -36 1.9719
2 disordered 1 
(29 up,29 down)
9 3 -19 1.9728
3 disordered 2 
(29 up,29 down)
8 4 - 3 1.9730
4 disordered 3 
(29 up/29 down)
7 5 + 6 1.9727
5 antiferromagnet 
(29 up,29 down)
6 6 0 1.9730
6 disordered 4 
(31 up,27 down)
6 6 + 5 1.9729
7 disordered 5 
(29 up,29 down)
5 7 +28 1.9725
8 disordered 6 4 8 -15 1.9730
(29 up,29 down)
9 all spin down 
(0 up,58 down)
0 12 + 4 1.9738
C H A P T E R  5 
R E S U L T S  O F  A  F O U R -A T O M  N i20 2 C L U S T E R
Fig.5 shows the  four-atom  Ni20 2 cluster. T he surrounding  atom s and ionic 
em bedding procedure used here is sim ilar to  chap ter 4. T he num ber of surrounding 
atom s is 124. T he num ber of point charges is 5380, which m akes the  M adelung 
constant a t the  positions of cluster atom s equal to  1.747565, as in chap ter 4. From  
the  test results of chap ter 4, we expect th a t the  124 atom s and  5380 point charges 
will produce an accurate  solid po ten tia l in  the cluster area. The to ta l num ber of 
basis functions is 312, and  the  to ta l num ber of fitting functions is 128. The cutoff 
radii of surrounding  Ni and  O atom s are sam e as in section 4. T he to ta l num ber of 
points which are used in the  Vxc calculation is 240096. Initially, the charge density 
p 2 of the surrounding  atom s is built from  p\  (the  result of chapter 4) according 
to  antiferrom agnetic s tru c tu re , and is fixed during the  calculation. A fter 60 SCF 
(only involving pi,  p2 is fixed) calculations, the  to ta l energy of the  four-atom  
cluster converges w ithin 10-7  Ry w ith respect to  the  fixed p2. T hen we use the 
calculated new pi  to  build  the  new p2, and to  calculate the  next result. This 
repetitive m ethod  is so tim e consum ing th a t we can barely reach self-consistency. 
Actually, after 4 of these i t e ra t ions , the differences of all eigenvalues are less 
th an  0.0015 Ry; the  difference of the  to ta l energy is less th an  0.005 Ry; and the 
unphysical spin m agnetic m om ent of oxygen ion is reduced to  less th an  3 x 10~8 
PB- We think th is result is acceptable. In this chap ter, all background charge 
densities, p 2, are built from  the sam e pi and are fixed during the calculation. The 






F ig u re  5 . Four-atom  Ni2 C>2 cluster
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5.1  C lu ster  g ro u n d  s ta te
We build p 2 from  p\  according to  the  an tiferrom agnetic  s tru c tu re . A fter 60 
SC F itera tions, the  to ta l energy has converged w ithin 10~7 Ry. T here are 0.00098 
cluster-electrons rem aining in the  surrounding core regions, which m eans the  con­
dition  (2.11) is well satisfied. Table 6 gives th e  eigenvalues and the  M ulliken 
populations of spin up orbitals. The spin down orb itals are sam e as the  spin up 
orb itals, except for the  exchange of atom  1 and  atom  2. We have paid special a t­
ten tion  to  nickel 3d electrons and  oxygen 2p electrons: the  Mulliken populations of 
two nickel a tom s and  two oxygen atom s have been shown separately. The second 
colum n in Table 6 is the o rb ital num ber which we used to  label each orbital.
T he general p icture is as follows. A 0.51 ev energy gap separates the well 
localized unoccupied and occupied nickel 3d orbitals. Each 3d o rb ital is a ttached  
to  a  p articu la r nickel ion. Below the 3d levels are two diffuse oxygen 2p bands, 
and  above the  3d levels are em pty  oxygen 3s, nickel 4s and oxygen 3p bands. O ur 
p ictu re  is different from  th a t of Svane and G unnarsson71 (they have Ni 3d band 
below O 2p band ), bu t is sim ilar to th a t of W illiam s44 except for two differences. 
Fig.6(a) shows the  to ta l density of states of NiO according to  spin-polarized energy- 
band  calculations done by W illiam s.44 Fig.6(b) shows our calculated eigenvalues. 
T he six nickel o rb ital groups (2 unoccupied, 4 occupied) are very sim ilar to  the 
results of W illiam s. B oth sm all energy gaps, 0.51 ev and 0.2 ev,41 do not agree 
w ith the  experim ental d a ta  of 4 ev;51’72 an explanation of this discrepancy will be 
given in section 5.5. There are two differences between our results and those of 
W illiam s:44 (1) the relative positions of two oxygen 2p bands are different, which
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T a b le  6 . Eigenvalues and Mulliken popu la tions of Ni2 C>2 
cluster in  ground s ta te  (spin up  orb itals)
orbital No Energy(Ry) Ni s Ni p Nil d Ni2 d O s 01 p 02 p
0 3p 44 0.6349 .01 -.01 -.01 .51 .51
(Ni 4p) 43 0.5959 .43 -.04 -.04 .32 .32
Ni 4s 42 0.4737 .77 .07 -.02 -.01 -.28 .23 .23
41 0.4459 1.05 -.25 -.03 -.03 -.01 .14 .14
O 3s 40 0.2540 -.20 -.04 -.04 1.10 .10 .10
39 0.1534 .05 -.11 -.01 -.02 1.08
Ni 3d 38 -0.2740 .93 .02 .02 .02
37 -0.3243 .01 .01 .97 -.01 .01 .01
- - -- - ■- - - above are thes unoccupied orbitals - - -. _  _ - -
Ni 3d 36(Ef)-0.3618 .97 .01 .01
35 -0.3669 .01 .01 . 95 .01 .01
34 -0.4014 .95 .03 .03
33 -0.4033 .01 .88 .01 .02 .05 .05
32 -0.4583 .01 .96 .02 -.01 .01 .01
31 -0.4912 .93 .04 .04
30 -0.5001 .02 .94 .01 .02 .02
29 -0.5236 .82 .02 .08 .08
0 2p 28 -0.6278 .17 .03 .40 .40
27 -0.6424 .07 .02 .46 .46
26 -0.7025 .03 .04 .03 .45 .45
25 -0.7149 .01 .09 .04 .43 .43
24 -0.7228 .17 -.06 .04 .01 .43 .43
23 -0.7744 .15 .05 .01 -.09 .44 .44
O 2s 22 -1.7033 -.02 1.01 .01 .01
21 -1.7119 -.05 -.03 1.05 .01 .01






Ni 3s 14 -7.5430 1.00
13 -7.6960 1.00
O Is 12 -37.2385 1.00
11 -37.2385 1.00






Ni 2s 4 -70.2378 1.00
3 -70.3242 1.00





N i ( d )
Energy(Ry)
Cb)
8 7 65432  1
0 N i
( c )
F ig u re  6. (a) T he to ta l s ta te  density of NiO ob tained  by the  spin-polarized 
energy-band calculations (T erakura  et al, Ref. 44). (b) Eigenvalues of the
em bedded N12O 2 cluster. (c) Eigenvalues of the  em bedded Ni-O-Ni-O cluster. 
T he energy gaps of all th ree  figures are aligned to  the  sam e position.
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will be discussed in section 5.3; (2) all bands in Fig.6(a) (Ni 3d and  0  2p) are wide 
bands, while our results contain bo th  localized and  band  properties. T he M ulliken 
populations show th a t each 3d orbital is a ttach ed  to  one nickel a tom , b u t each 
2p o rb ita l is shared by two oxygen atom s (see Table 6). Besides the  M ulliken 
populations, a charge overlap is used to  describe localized and band  properties. 
T he charge overlap  between two orbitals i and  j is defined as follow:
Charge Overlap ij = J  M i n i m u m ( p i ( r ) , p j ( r ) ) d r ,  (5-1)
which can only be evaluated numerically. Unless otherw ise specified, the  overlap  
in th is work m eans charge overlap. The overlap betw een two orbitals of 36 (orbital 
36, spin up , a ttached  to  Ni 2; o rb ital 36, spin down, a ttach ed  to  Ni 1) is 2.98%. In 
co n trast, the  overlap between two orbitals of 28 ( o rb ital 28, spin up, 80% shared 
by two oxygen and 17% of Ni 1; orbital 28, spin down, 80% shared by two oxygen 
and  17% of Ni 2) is 84.48%. T he overlap betw een two orbitals of 39 (oxygen 3s 
electrons) is 96.07%. This m eans each 3d electron is well localized and  a ttached  
to  a p a rticu la r nickel a tom , while the oxygen 2p and 3s electrons are shared by 
all oxygen atom s and  form  th e  bands. As we will see, the  coexistence of bo th  
localized and band properties is very im p o rtan t in understand ing  NiO.
T he Mulliken population analysis yields th e  spin m agnetic m om ent of 1.91 
PB f° r a  nickel ion, which is in agreem ent w ith the  experim ental results of 1.77 
//jB,73 1.64 p s  74 and  1.90 p s -75 T he energy-band calculation gave 1.04 p s -41,44 
W illiam s44 believes th a t the deviations are come from  the  spherical-potential ap ­
proxim ation used in the band calculation. As expected, the  result is an antifer­
rom agnetic insulating state . T here is an energy gap of 0.51 ev. Two nickel ions
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have opposite spin m agnetic m om ents, and two oxygen ions have no spin m agnetic 
m om ent, so the  to ta l m agnetic m om ent of the cluster Ni2 02  is zero. In  chap ter 4, 
it has been proved th a t the  d irect exchange-correlation effect betw een two nickel 
a tom s can only m ake two spins parallel. B ut we get a  spin antiparallel s ta te . It 
has been suggested th a t the explanation  is the 90° s u p e r e x c h a n g e  e ffec t: the 
electronic wave functions of two nickel ions are coupled th rough  the  in term ediate  
oxygen ions.76,77 Here we w ant to  em phasize th a t the  90° superexchange effect at 
least does not occur in the  highest th ree  occupied nickel 3d orbitals (orbitals 36, 
35 and  34, since their hybrid izations w ith oxygen ions are less th an  6%), which 
have sam e spin direction as two unoccupied nickel 3d orbitals.
In  order to  study  the  180° superexchange effect, the  electronic s tru c tu re  of an 
em bedded cluster Ni-O-Ni-O is calculated. Because of the sm all difference of the 
environm ents between two nickel a tom s, the  energy levels of two nickel ions are 
slightly different and  convergence is difficult to  achieve. By freezing the  occupa­
tion num bers and using a  very sm all dam ping factor, very rough convergence was 
achieved. The eigenvalues of ions w ith lower energy levels are shown in Fig. 6(c). 
Only the following general conclusions m ay be obtained. (1) T he general p icture 
of eigenvalue s tru c tu re  is sam e as the  cluster Ni202- (2) T he dual p roperty  (both  
localized and band properties) is sam e as the  cluster N12O 2 . (3) As was the  case 
for the  90° superexchange effect, the  180° superexchange effect a t least does not 
occur in the  highest th ree occupied nickel 3d orbitals (orbitals 36, 35 and 34, since 
their hybridizations w ith oxygen ions are less th an  3%), which have sam e spin 
direction as two unoccupied nickel 3d orbitals. The cluster Ni-O-Ni-O will not be 
discussed further.
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C om pared w ith the results of tw o-atom  cluster, the  results for the  cluster 
N12O 2 show some interesting changes. (1) T he energy gap is increased from  0.204 
ev to  0.51 ev. (2) The spin m agnetic m om ent of each nickel ion is decreased from  
1.97 ixb to  1.91 h b - (3) T he Ferm i energy is lowered from  -0.3302 Ry to -0.3618 Ry. 
(4) T he w idth  of Ni 3d bands becom es a  little  sm aller, and the w idth  of oxygen 2p 
bands becomes larger. All these changes m ake the  results b e tte r  com pared w ith 
the  experim ental da ta . O ur results show th a t the  superexchange effect of nickel 
ions doubles the  unit cell and reduces the  energies of the  occupied orbitals.
As m entioned in chapter 3, there  is a sym m etry  problem : the  eigenvalues in 
Table 6 do not show the point sym m etry  of solid NiO. From  equation  (2.15), we 
know th a t the  eigenvalues are determ ined  by the  to ta l po tentia l. Three factors 
can break the  point sym m etry  of the  to ta l potential. (1) A ntiferrom agnetism . For 
a nickel ion, if we consider only the  6 nearest oxygen ions, the  po ten tia l will have 
the  point sym m etry  of solid NiO. B ut if we consider the 12 second nearest nickel 
ions, the  exchange-correlation po ten tia ls  are different for two spin parallel nickel 
ions and for two spin antiparallel nickel ions. (2) T he cluster does no t have the 
point sym m etry  of NiO. For an ion in the  cluster, four of six nearest ions have an 
or thogonal ity  constrain t  te rm , while o ther two nearest ions (in the cluster) are 
autom atically  orthogonalized. This leads to  a sm all difference in the potential. 
(3) For each ionic shell in the cluster, beginning from  7th nearest atom s, some 
ions are replaced by point charges. Actually, the core orbitals show roughly the 
point sym m etry  of solid NiO because the  first two factors have less effect on them . 
Com paring figs 6(b) and 6(c), we can see th a t the  geom etric difference between 
the  clusters does not change the  general eigenvalue picture.
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5 .2  O p tica lly  a llow ed  tr a n s it io n s
The use of a high quality basis set, com bined w ith the  accurately  em bedded 
cluster, makes the  first several unoccupied orb itals acceptable. This provides a 
good in te rp re ta tio n  for the  experim ental optical-absorp tion  coefficient.
Because p2 is fixed and  the  electron rearrangem ent of p\  is lim ited by p 2 , the 
transition  energy obtained  by the  Slater transitio n -s ta te  m eth o d 78-80 is higher 
th an  the  real value (the  lim itation  of rearrangem ent raises the  energy). On the 
o ther hand , the  transition  energy obtained  by using eigenvalues is lower th an  the 
real value w ith an error of the  second order in the  derivative of the  to ta l energy. 
In order to  estim ate  the  real value, we use bo th  the  eigenvalues and the  transition- 
s ta te  m ethod  to  get the  optically allowed transition  energies. Fig.7(a) shows the 
experim ental results for the  optical-absorption coefficient of NiO obtained  by Pow­
ell and  Spicer57. F ig.7(b) shows optically allowed transition  energies obtained  by 
using the  eigenvalues. All optically allowed transitions, from  nickel 3d and oxygen 
2p valence orb itals to  the  unoccupied nickel 3d, oxygen 3s, nickel 4s and oxygen 
3p orbitals were included. The highest unoccupied o rb ital counted is an oxygen 3p 
o rb ital w ith eigenvalue 0.6349 Ry (8.6 ev). Fig.7(c) shows our results according to 
the  tran sitio n -s ta te  m ethod . Because the  tran sitio n -s ta te  calculation is very tim e 
consum ing and som etim es is difficult to  converge, only th ree transition  energies 
have been calculated.
P a rt A of Fig. 7(b) contains the transition  energies from  oxygen 2p orbitals to 
the  unoccupied nickel 3d orb itals. These are charge transfer transitions. Because 
the nickel 3d orb itals are localized and oxygen 2p orbitals are diffuse, transfer­
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ring one oxygen 2p electron to  an unoccupied nickel 3d o rb ita l will cause large 
electron rearrangem ent. This caused a  relatively large difference betw een Fig.7(b) 
and  Fig.7(c) (the  rearrangem ent is lim ited in Fig.7(c), which raises the energy 
drastically). P a r t C shows the  energies of transitions from  oxygen 2p orbitals to 
unoccupied nickel 4s orb itals. Because b o th  orbitals are diffuse, the  electron rear­
rangem ent is sm all and  the  difference betw een Fig. 7(b) and  7(c) is sm all (about 
0.2 ev). This sm all difference im plies th a t  in p a rt A, Fig. 7(b) is m ore reliable. 
We use Fig. 7(b) to  in te rp re t the  experim ental d a ta  and  u n d ers tan d  th a t the real 
value will be a  little  larger th a n  th a t in Fig. 7(b) if the  transition  involves a large 
electron rearrangem ent.
O ur p ictu re  is as follows. T he m ain  absorp tion  edge comes from  the  charge 
transfer transitions betw een oxygen 2p orbitals and  unoccupied nickel 3d orbitals 
(p a rt A). O ur calculated first transition  energy (4.1 ev) in Fig. 7(b) gives correct 
m ain absorp tion  edge. T he peaks around  13.0 ev and  13.8 ev come from  the 
transitions betw een oxygen 2p orbitals and unoccupied oxygen 3s orbitals (part
B). The 0.8 ev energy difference represents the energy difference between two 
oxygen 2p bands (see Fig. 6(b), group 7 and  8). T he peak a t 17.6 ev comes from 
two groups of transitions, oxygen 2p orbitals to  unoccupied nickel 4s orbitals (part
C), and nickel 3d orb itals to  unoccupied oxygen 3p orb itals (hybridized w ith nickel 
4p electron, p a rt D).
T he results of resonan t-R am an  m easurem ents repo rted  by M erlin et al81 clearly 
indicate th a t th e  m ain absorp tion  edge m ust be due to  in tera tom ic  transitions. The 
transition  2N i 2+ —> N i s+ +  N i 1+ is unlikely to  explain the  observed absorption 








u.<*- | oi . l  1 * v









1 2  3 4 5 6
( c )
F ig u r e  7 . (a) T he experim ental resu lts of optical-absorp tion  coefficient of NiO 
(Powell and  Spicer, Ref. 57). (b) T he optically allowed transition  energies
obtained  by using the  eigenvalues, (c) T hree transition  energies obtained  by the 
tran sitio n -s ta te  m ethod. Each dashed  line connects the  sam e transitions.
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out of the  oxygen 2p in to  em pty  nickel 3d sta tes  which is consistent w ith our 
calculated result.
The weak optical absorp tion  lines below the  th i’eshold are generally ascribed 
to  dipole-forbidden transitions betw een Ni 3d sta tes and  are usually in terpre ted  
by ligand-held theory. In  our approach , the  energy sp litting  of nickel 3d orbitals 
come from  the  com bined effects of crystal held, exchange-correlational potential 
and  the  superexchange. Only the  transitions betw een occupied and  unoccupied 
nickel 3d orbitals are considered. T he localized p roperty  of 3d excitations will be 
shown in section 5.5. By using the  eigenvalues in Table 6, we can get ten  3d-3d 
transition  groups. T heir average values are (in ev): 0.55, 1.06, 1.23, 1.75, 1.82, 
2.33, 2.51, 2.71, 3.02 and  3.40 ev. The experim ental d a ta  betw een 1.0 ev and 3.4 
ev are (in ev): 1.1, 1.7, 1.9, 2.2, 2.7, 3.0 and 3.3 ev.40 A pparently , they  are close 
to each o ther. Besides, by using the  eigenvalues, the  nickel 3p to  3d threshold  is 
61 ev which is close to  the  experim ental result of 64 ev.
5 .3  P h o to e m is s io n  d a ta
Because of the  reason m entioned in section 5.2, we sim ply use the  eigenvalues 
in Table 6 as the  ionization po ten tia l, which is believed to  involve an erro r of the 
second order in the  derivative of the  to ta l energy. Only relative energy differences 
are im p o rtan t.
Fig.8(a) shows the  off-norm al photoem ission experim ental d a ta  and the results 
of spin-polarized energy band  calculations of NiO reported  by Slien et al.60 Fig.8(b) 
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F ig u re  8. (a) T he photoem ission experim ental d a ta  and  the  results of spin-
polarized energy-band calculations of NiO (Shen et al, Ref. 60). (b) T he eigen­
values of em bedded Ni2 02  cluster. T he position of the  first Ni 3d orb ital in (b) is 
aligned to  the  first experim ental d a ta  in (a) (represen ted  by $ ) .
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calculations. B oth  show th a t  nickel 3d bands are higher above the  oxygen 2p 
bands. T he oxygen 2p bands are though t to  agree relatively well w ith the  ex­
perim en ta l d a ta , the  nickel 3d bands are relatively poor com pared w ith the  data. 
T he m ajo r difference is th a t the  lowest calculated oxygen 2p band of F ig.8(a), 
which corresponds to  the  lowest 2p peak in F ig.6(a), is absent from  our results. 
P h o to em itted  electrons coming from  this b an d  are not observed.
We in te rp re t four experim ental features (represented  by $,▼ , A  and  o) as the 
nickel 3d o rb ital groups (1,2,3 and  4), and two features (represented by f and  •) as 
the  oxygen 2p bands (5 and 6). Ni 3d bands are narrow  (group 1, 2 and  3), while 
oxygen 2p bands are broad  (group 6). Hybridized nickel 3d - oxygen 2p levels have 
m edium  band  w idths (group 4 and  5).
5 .4  M a g n e tic  p r o p e r tie s
In  order to  estim ate  the  stability  of the  local antiferrom agnetic order, we 
need to  calculate the  energy difference of two spin-parallel Ni ions and two spin- 
an tiparallel Ni ions. Actually, the  ferrom agnetic s ta te  is not stable in our calcu­
la tion , as if the  dam ping factor is large, it will change to  the  antiferrom agnetic 
s ta te . S tarting  w ith the ferrom agnetic charge density, we fix the  p 2 according to 
ferrom agnetic s tru c tu re  and use the dam ping factor of 0.05, after 176 iterations 
we get an accuracy of 10-5 Ry. The to ta l energy is 0.327 ev (3790 K )  above the 
energy of the  antiferrom agnetic state . This energy difference is m uch higher than  
the  Neel tem p era tu re  of NiO, indicating a very stable local AF order. So it is 
reasonable to  assum e th a t in the  param agnetic  s ta te , though  the long-range AF
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order has been destroyed, local AF order still rem ains and  the  local m om ents of 
nickel ions persist essentially unchanged. This assum ption  is supported  by m any 
experim ental observations.
G ubanov and Ellis have calculated the  Neel tem p era tu re  of NiO by the  m a g ­
n e tic  t r a n s i t i o n - s t a t e  app roach .82 B ut there  is no successful d irect calculation of 
the  Neel tem p era tu re . Here we assum e th a t every two nickel ions coupled together 
to  form  a pair w ith opposite spin directions, all pairs have sam e charge density. 
In order to  determ ine the  antiferrom agnetic s tru c tu re  and  to  calculate the  Neel 
tem p era tu re  directly, some geom etrical restrictions are needed to  k e e p  th e  lo c a l 
A F  p a ir .  We assum e: (1) the  to ta l num ber of spin up nickel ions should equal to 
the  to ta l num ber of spin down ions; (2) in any cube (containing four nickel ions 
and  four oxygen ions), the  four nickel ions should no t have the  sam e spin direction. 
D uring the  calculation, our four-atom  cluster rem ains in  A F order, the  surrounding  
atom ic spin directions are disordered. A random  num ber-generating subroutine is 
used to  choose the  spin up a tom s and  the  spin down atom s. T hen we apply the two 
geom etrical restrictions above to  the  18 nearest nickel ions (o ther nickel ions ac tu ­
ally cannot change the  resu lt). Table 7 gives our results. T he to ta l energies in the 
tab le  are relative to  the  first row. The last two rows show the  special cases which 
violate our restrictions. One row has all spins up, the o th er has each cluster-nickel 
ion su rrounded  by spin parallel nickel ions. Because of the  local AF order, neither 
cases can happen  in practice. A pparently, the  an tiferrom agnetic  s tru c tu re  has the 
lowest energy am ong the  disordered s tructu res. Because of the  local AF order, 
the  disordered states are actually  not com pletely disordered, so the  change of the 
system  entropy m ay not be large. If we neglect the  change of system  entropy, by
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averaging the  seven disordered results in Table 7, we get the  Neel tem p era tu re  224 
K]  th e  experim ental result is 525 K .62 We th ink  th is discrepancy results m ainly 
from  the  im perfection of the  exchange-correlation p o ten tia l we used. T he current 
form  of Vxc enables us to  m ake a m eaningful com parison of the  to ta l energies, 
b u t is no t accura te  enough to  get a good absolute Neel tem p era tu re  value. T he 
discrepancy also results from  the  neglect of the  change of system  entropy and  from  
our inability  to  include enough ions in our cluster. N evertheless, to  the best of our 
knowledge, th is is the  first direct calculation of th e  Neel tem p era tu re  which gives 
a  reasonable result.
Table 7 also shows the  energy gaps, the  optical absorp tion  edges, and the  spin 
m agnetic m om ent of each nickel ion. It is clear th a t  they  are independent of the 
long-range spin order. Nickel ions have actually the  sam e spin m agnetic m om ent 
in all spin disordered sta tes as in the an tiferrom agnetic  s ta te , which shows the 
consistency of our assum ption. Table 8 shows the  eigenvalues and  the  Mulliken 
populations of one of spin disordered states (d isordered 1 in Table 7). C om pared 
w ith Table 6, they  are alm ost identical, which m eans the  two s ta tes  have the same 
electronic s tru c tu re . Actually, we find th a t all spin d isordered s ta tes  have the  the 
sam e electronic s tru c tu re  in the  local AF pair as th a t  of antiferrom agnetic state. 
U nfortunately , experim ents to  m easure the  electronic s tru c tu res  of NiO in both  
param agnetic  and  antiferrom agnetic phases are difficult, because NiO decomposes 
in vacuum  at its T/v-83 However, Fujim ori et al84 have found th a t no electronic 
s tru c tu re  change was observed in the XPS spec tra  when NiS went from the p a ra ­
m agnetic phase to  the  antiferrom agnetic phase, which they  suggest was a sign of 
failure of the  band  calculations. In chapter 6, we will see th a t the  experim ental
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T able 7. R esults of the  four-atom  Ni2 C>2 cluster w ith different 
atom ic spin direction arrangem ent of surrounding  atom s. 
(T he Ni20 2 cluster is in an tiferrom agnetic s ta te)
Atomic spin 18 nearest Total energy absor. spin magnetic 
No. direction Ni atoms energy gap edge moment (J1B)
arrangement up down (K ) (ev) (ev) Nil-up Ni2-down
antiferromagnet 
(31 up,31 down)
9 9 0 0.510 4.129 1.9082 1.9082
disordered 1 
(31 up,31 down)
9 9 +360 0.507 4.110 1.9064 1.9056
disordered 2 
(31 up,31 down)
9 9 +261 0.509 4.124 1.9071 1.9063
disordered 3 
(31 up,31 down)
9 9 +193 0.510 4.134 1.9075 1.9067
disordered 4 
(31 up,31 down)
9 9 +193 0.507 4.119 1.9081 1.9065
disordered 5 
(31 up,31 down)
9 9 +185 0.510 4.124 1.9063 1.9070
disordered 6 
(31 up,31 down)
9 9 +164 0.510 4.124 1.9064 1.9080
8 disordered 7 
(31 up,31 down)
9 9 +212 0.508 4.120 1.9073 1.9059
9 all spins up 18 
(62 up, 0 down)
+161 0.524 4.153 1.9063 1.9082
10 special case 9
(31 up,31 down)
-280 0.512 4.140 1.9096 1.9096
54
T a b le  8 . Eigenvalues and M ulliken populations of Ni2C>2 
cluster in spin-disordered 1 s ta te  (spin up orbitals)
orbital No Energy(Ry) Ni s Ni p Nil <d Ni2 d 0 s 01 p 02 p
0 3p 44 0.6381 .01 -.01 -.01 .50 .51
(Ni 4p) 43 0.5981 .43 -.04 -.04 .32 .32
Ni 4s 42 0.4771 .77 .07 -.01 -.01 -.27 .23 .23
41 0.4468 1.05 -.25 -.03 -.03 -.01 .14 .14
O 3s 40 0.2574 -.20 -.05 -.04 1.10 .10 .10
39 0.1566 .06 -.11 -.01 -.02 1.07
Ni 3d 38 -0.2752 .93 .02 .02 .02
37 -0.3253 .01 .01 .97 -.01 .01 .01
- _  - -  .- - - above are the unoccupied orbitals _  _  _ _  _ - -
Ni 3d 36(E£)-0.3626 .97 .01 .01
35 -0.3661 .01 .01 .95 .01 .01
34 -0.4006 .95 .03 .03
33 -0.4028 .01 .88 .01 .02 .05 .05
32 -0.4575 .01 .96 .02 -.01 .01 .01
31 -0.4902 .93 .03 .03
30 -0.5000 .02 .94 .01 .02 .02
29 -0.5233 .82 .02 .08 .08
O 2p 28 -0.6274 .18 .03 .40 .40
27 -0.6418 .07 .02 .46 .46
26 -0.7020 .03 .04 .03 .45 .45
25 -0.7151 .01 .09 .04 .43 .43
24 -0.7229 .17 -.06 .04 .01 .42 .43
23 -0.7735 .15 .05 .01 -.09 .45 .44
0 2s 22 -1.7035 -.02 1.01 .01 .01
21 -1.7121 -.05 -.03 1.05 .01 .01






Ni 3s 14 -7.5432 1.00
13 -7.6954 1.00
0 Is 12 -37.2389 1.00
11 -37.2389 1.00






Ni 2s 4 -70.2376 1.00
3 -70.3241 1.00
Ni Is 2 -595.5218 1.00
1 -595.5229 1.00
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d a ta  of CoO also support our calculated results. From  the  discussion of the next 
section, we can say th a t NiO rem ains as an  insu lator w hen it transform s from  an ­
tiferrom agnetic to  param agnetic  phases. T he real solid NiO is an insu lator in bo th  
an tiferrom agnetic and param agnetic  phases. Spin-polarized band  s tru c tu re  calcu­
lations show th a t the  energy gap d isappears in the  param agnetic  phase of NiO. 
W illiam s41 believes th a t this failure is due to  the  absence of short-range m agnetic 
o rder in the  m odel of the  param agnetic  s ta te  used in band  s tru c tu re  calculations. 
To our knowledge, this is the  first direct theoretical calculation showing th a t the 
electronic s tru c tu re  in local A F pair rem ains unchanged when NiO goes from  the 
param agnetic  phase to  the  antiferrom agnetic phase.
5 .5  E n e rg y  g a p
In  th is section, we propose a new explanation  of the  insulating n a tu re  of NiO.
As in the  case of the energy-band calculations, the  m ain  discrepancy between 
our theoretical calculations and  experim ents is the  sm all energy gap. In order 
to  give a  new explanation, the  H ubbard  U p aram ete r for nickel 3d electron is 
estim ated  first. The ionization potentia l of o rb ital 36 and the  electron affinity of 
o rb ita l 37 were calculated by using the  tran sitio n -s ta te  m ethod. We take the point 
of view th a t U should be the difference betw een the  ionization po ten tia l and the 
electron affinity. The result is U^i ~  10.2 ev. As m entioned before, the real 
value should be sm aller th an  th is value because of lim ited electron rearrangem ent 
during  our transition -sta te  calculation. C om pared w ith section 5.2, we believe the 
real value is in the currently  accepted range of 7 ~  9 ev.
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The self-consistent cluster-em bedding m ethod  enables us to  s tudy  the  charge 
d istribu tion  properties of excited states.
We calculated the  electronic s truc tu res  of six excited s tates: b o th  nickel ions in 
the  cluster have one 3d electron excited to  an unoccupied 3d orb ital. Table 9 gives 
th e  results for spin up orb itals. T he spin down orbitals are the  sam e except for 
the  exchange of a tom  1 and  a tom  2. T he results of six 3d-3d transitions involving 
the  sam e nickel ion and the  sam e spin direction (spin-preserving transitions) are 
reliable because the  electron rearrangem ent is very sm all during  the  transitions 
(com pared w ith the  ground s ta te  in Table 9, the  changes of the  eigenvalues are 
less th an  0.02 Ry). In con trast, the  result for s ta te  (8), in which bo th  oxygen ions 
have one 2p electron excited to  an  unoccupied nickel 3d o rb ita l, is no t reliable 
because of lim itation  of large electron rea rran g em en t. We discuss the  s ta te  (2) in 
detail. One 3d electron was transferred  from  orb ital 36 to  o rb ita l 37, leaving a 
hole in the  o rb ital 36. T he excited o rb ita l 37 (spin up) is m ostly (98.5% ) a ttached  
to  Ni 2 a tom  w ith only 1.0% hybrid ization  to  Ni 1 a tom  and  0.2% hybridization 
to  each oxygen atom . The overlap betw een two excited orb itals (orb ital 37, spin 
up , a ttached  to  Ni 2 atom ; o rb ita l 37, spin down, a ttach ed  to  Ni 1 atom ) is 1.85%. 
The overlap between two holes is 2.89%. Fig. 9(a) shows the  charge d istribution  
along the  line connecting two nickel ions. It is clear th a t the  electrons of nickel 
ions are well localized, and there  is alm ost no overlap betw een two nickel ions. The 
result for s ta te  (3) is similar. T he overlap between two excited orbitals is 4.17%, 
the  overlap betw een two holes is 3.46%. Fig. 9(b) shows its charge d istribution. 
Only three occupied nickel 3d orbitals (36, 35 and 34) have the  sam e spin direction 
as the two unoccupied nickel 3d orbitals. Table 9 shows th a t for spin - preserving
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T able 9. Eigenvalues and  M ulliken populations of Ni2C>2 

















38 0 -0.2740 0.5 93.0 3.2 3.2 3.92
37 0 -0.3243 1.1 98.1 0.3 0.3 2.10
36 (Ef) 1 -0.3618 0.1 97.3 1.3 1.3 2.98
(1) 35 1 -0.3669 1.4 96.3 1.2 1.2 4.53
ground 34 1 -0.4014 0.4 94.5 2.5 2.5 5.99
state 33 1 -0.4033 88.3 0.9 5.3 5.3 6.19
32 1 -0.4583 96.3 2.3 0.6 0.6 4.73
31 1 -0.4912 92.6 0.4 3.5 3.5 7.92
30 1 -0.5001 95.3 1.1 1.8 1.8 5.92
29 1 -0.5236 82.0 2.3 7.8 7.8 19.76
28 1 -0.6278 17.3 2.9 39.9 39.9 84.48
(2) 37(exc.) 1 -0.3209 1.0 98.5 0.2 0.2 1.85
36 to 37 36(hole) 0 -0.3557 0.1 97.4 1.3 1.3 2.89
(3) 38(exc.) 1 -0.2755 0.6 92.6 3.4 3.4 4.17
36 to 38 3 6 (hole) 0 -0.3642 0.1 96.8 1.5 1.5 3.46
(4) 37(exc.) 1 -0.3268 1.0 98.5 0.2 0.2 1.83
35 to 37 35(hole) 0 -0.3643 1.3 96.0 1.3 1.3 4.74
(5) 38(exc.) 1 -0.2849 0.5 92.3 3.5 3.5 4 .37
35 to 38 35(hole) 0 -0.3759 1.3 96.0 1.4 1.4 4.93
(6) 37(exc.) 1 -0.3078 0.9 98.5 0.2 0.2 1.90
34 to 37 34(hole) 0 -0.3829 0.4 95.4 2.1 2.1 4.98
(7) 38(exc.) 1 -0.2624 0.5 93.0 3.2 3.2 4.02
34 to 38 34(hole) 0 -0.3878 0.4 94.6 2.5 2.5 5.91
37(exc.) 1 0.0344 1.0 93.5 2.8 2.8 4.37
(8) 36 1 0.0014 87.1 - 0.4 6.5 6.5
28 to 37 35 1 -0.0026 0.5 98.1 0.6 0.6
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F ig u re  9 . (b ) The charge distribution of excited state 3 along the line connecting 
two nickel ions.
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transitions, tlie overlaps of the  excited 3d orbitals are less th a n  4.5%, the overlaps 
of the holes are less th an  6%.
T he spin-flipped 3d-3d transitions have m uch lower probabilities th an  th a t 
of spin-preserving transitions, because they  are dipole-forbidden and they reduce 
the  spin m agnetic m om ent of the  nickel ion to  zero. T he electron rearrangem ent 
in these transitions is large due to  the  disappearance of the  spin m agnetic m o­
m ent of the  nickel ion and the  drastic  change of the  exchange-correlation energy, 
which m akes the  result unreliable. We found th a t it is difficult to  obtain  a con­
vergent resu lt for a spin-flipped 3d-3d transition . We m ake following assum ptions 
after considering the  results of spin-preserving transitions: for spin-flipped 3d-3d 
transitions, the  m axim um  overlap of an excited electron is sam e as th a t of spin- 
preserving 3d-3d transitions; the  m axim um  overlap of a hole is sam e as the overlap 
of the  o rb ita l in ground sta te . It follows from  this assum ption  th a t the  overlaps of 
holes in orb itals 30, 31,32 and 33 are less th an  8%, and  the  hole overlap in orbital 
29 is less th a n  20%. The result for s ta te  (8) is not reliable. If the  surrounding 
charge density  p 2 can be fully rearranged , the  eigenvalues of o rb ita l 35, 36 and 
37 will becom e lower and  the  eigenvalues of o rb ital 28 will becom e higher. It is 
in teresting  to  find th a t the  o rb ital 37 is still well localized (which m eans N i + is 
localized), although we cannot confirm it absolutely. T he  only certain  th ing we 
can get from  s ta te  (8) is th a t the  overlap of the hole in o rb ital 28 should be larger 
th an  84% because each hole is shared by two oxygen ions. In  conclusion, similar 
to  the  ground  s ta te , the excited electrons and holes have also bo th  localized and 
b and  properties. For all spin-preserving 3d-3d transitions, the  overlaps of excited 
3d orbitals are less th an  4.5%, the  overlaps of 3d holes are less th an  6%. For spin-
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flipped 3d-3d transitions, the  overlaps of 3d holes m ay be less th an  8% except for 
o rb ita l 29 which m ay be about 20%. The holes in oxygen 2p orbitals are diffuse, 
the  overlap is larger th an  84% which m eans the  holes can move freely in solid.
Now let us recall the  M o tt’s hydrogenic m odel.46’48 For a sim ple la ttice  of 
hydrogen atom s w ith a la rg e  la ttice  constan t, each electron should definitely be 
assigned to  a  particu lar site. T he optim um  configuration of a  conducting s ta te  is 
one in which a single electron has been transferred  from  its hom e site  to  ano ther 
site far away. T he energy difference between the  ground s ta te  and  this excited 
configuration, to  a  first approxim ation, is the  atom ic ionization po ten tia l (13.6 ev) 
m inus th e  electron affinity (0.75 ev): about 12.85 ev. So the  ground s ta te  is clearly 
an insulating  state .
We m ake two com m ents to  above argum ent. (1) If we calculate the  electronic 
s tru c tu re  of such a hydrogenic m odel, to  a  first approxim ation, the  energy gap will 
be 10.2 ev, the  energy difference between ground s ta te  and  the  first excited state . 
(2) T he argum ent above is valid only if this excited s ta te  is still localized and 
cannot form  a m etallic band . If the  lattice constan t is large enough, the excited 
o rb ital will be definitely localized and there  is alm ost no overlap between the 
excited orbitals. Such a system  has two energy gaps: one is the  energy difference 
betw een ground s ta te  and the  first localized excited state; the  o ther is the charge 
transfer insulating gap. In a real m aterial, if for some reason the  first excited sta te  
is well localized and the  overlap is small enough, the  m ateria l should have two 
energy gaps.
Consider the  case of NiO. (1) The m inim um  energy required to  transfer an 
electron from  the  nearest oxygen ion to a nickel site is abou t 4 ev (the m ain optical
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absorp tion  edge). At least th e  h o le  left in oxygen 2p bands can move freely in the 
solid. (2) T he m inim um  energy required to  transfer a nickel 3d electron to  oxygen 
3s conduction band  is abou t 7 ev. (3) The m inim um  energy required to  transfer 
an electron from  one nickel ion to  ano ther nickel ion far away is abou t 8 ev (the 
H ubbard  U param ete r for nickel 3d electron). (4) T he 3d excited orbitals and 
holes of nickel ion are well localized. For spin-preserving transitions, the  overlaps 
of excited orbitals are less th a n  4.5%, and the  overlaps of holes are less th an  6%. 
For spin-flipped transitions, th e  overlaps of holes m ay be less th an  8% except for 
o rb ita l 29 which m ay be abou t 20%. Fig. 10 shows schem atically the  energy levels, 
the  band  and  localized properties of NiO.
B ased on the  argum ent above, we propose a new explanation for the  insulating 
n a tu re  of NiO: T he overlap of the  excited 3d electrons is too sm all to  form  a 
m etallic band , b u t the  ovei'lap is sufficient for the  h o le  to  m igrate  th rough  the 
crystal by electron exchange. In  th is sense, NiO is a charge transfer insu lato r w ith 
an insulating  gap of abou t 4 ev (m ostly from  oxygen to  nickel). T he calculated 
sm all energy gap of 0.51 ev provides the  activation energy (see Fig. 10).
T here  are several questions for this new explanation. T he first, w ith the  0.51 
ev energy gap, why isn ’t  NiO an ord inary  sem iconductor? It is well known th a t 
the  band  gap of sem iconductor germ anium  is about 0.67 ev. B ut Ge is a wide 
band  sem iconductor, the  electrons excited to  conduction band  and the  holes left 
in valence band  can move freely in the crystal, so its resistivity is abou t 50 ft  cvi 
and  its m obility is abou t 3 x 103 c m 2/V.sec.  In con trast, the  energy gap of 0.51 
ev in NiO is between two well localized 3d orbitals, which m akes NiO an excellent 
insu lator w ith a room -tem pera tu re  resistivity in excess of 1013 ft  cm .40
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F ig u r e  10 . Schem atic energy-level d iagram  of NiO. Ni 3d orbitals are a c tu ­
ally no t com pletely isolated because of their sm all overlaps. 1. C harge-transfer 
insu lating  gap betw een 0  2p band  and  Ni first unoccupied 3d orb ital. T he hole 
in oxygen 2p band  can move freely. 2. The m inim um  energy for Ni 3d —> 0  3s 
conduction band . 3. T he H ubbard  U of Ni 3d electron. 4. The energy gap which 
is the  difference of nickel 3d eigenvalues.
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Is there  any experim ental evidence for th is sm all energy gap? T he experi­
m en ta l results 40>85-89 show th a t the  conductivity  of NiO alm ost always increases 
exponentially w ith  increasing tem p era tu re , w ith an activation energy of about 0.2 
- 0.9 ev. T he Hall m obility is approxim ately  10~4 - 0.5 cm 2/V .sec and the p re­
dom inant carriers are holes. At least th ree  theoretical models have been proposed 
to  explain how the  Ni 3d holes m ig r a te  in solid. One is the  therm ally  activated 
hopping m odel, in which the  m otion  of carriers is of the  activated diffusion type, 
and  the  carrier m obility should rise w ith tem p era tu re . T he second is the  narrow ­
b an d  conduction m odel, in which the  carrier w ith a large effective m ass moves in 
a narrow -3d band . In  th is case, the  in teraction  w ith phonons should sca tter car­
riers and  reduce the ir m obility as the  tem p era tu re  is increased. Holstein(1959),90 
Sewell (1963)91 and  Friedm an (1964)92 have developed a narrow -band polaron 
conduction m odel. In  this m odel, the  polaron tunnels th rough  the  crystal in a 
narrow  b an d  a t low tem p era tu res  un til th e  m ean free p a th  becom es equal to  the 
la ttice  spacing; the  band  m odel then  breaks down and the polaron hops from  
ion to  ion. Below 400 A", the  experim ental results show th a t the Hall m obility 
gradually  decreases w ith  increasing tem p era tu re . B ut in the  h igh-tem perature  
range, dissim ilar results have been obtained , viz, an exponential increase w ith 
tem p e ra tu re ,93 an alm ost tem p era tu re- independent behavior94 and an exponen­
tial decrease w ith tem p e ra tu re .95 Keem et al88 have obtained a very m uch lower 
drift m obility of 2 x 10~5 cm 2/Y .sec a t 300 k in a single crystal NiO with a to ta l 
im purity  content less th an  100 p.p .m .w . They also found th a t the  mobility curves 
drop nearly exponentially w ith tem p era tu re . They proposed a new theoretical 
m odel: a phonon-assisted hopping m echanism  modified by m agnetic ordering ef­
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fects. Here we have no a ttem p t to  m ake any judgem ent, b u t do wish to em phasize 
th a t the  existence of a  sm all energy gap in NiO (which does not m ake NiO an 
ord inary  sem iconductor) has been confirm ed by m any experim ents.
T here  is additional experim ental evidence for th e  small energy gap in NiO. 
Akim oto et. al (1978)96 have found a  1.5 ~  2.0 ev transition  in electron energy-loss 
(EELS) m easurem ents of NiO. They though t it is not possible to  give an unam bigu­
ous in te rp re ta tio n  to  th is transition . Six years la ter, M cKay and Henricli (1984)9' 
perform ed EELS m easurem ent on nearly  perfect, u ltrahigh-vacuum  (UHV) cleaved 
NiO sam ples, and  discovered a  1.1 ev in tra-a tom ic  (Ni 3d) t i g ! —»■ eg J, transi­
tion. K iibler and  W illiams (1986)98 have obtained  a local tunneling spectrum  
of NiO which they  believe supports  a sm all energy gap in NiO. The m ost direct 
evidence comes from  the  optical absorp tion  spectrum  of single crystal N iO .99’100 
The weak optical absorp tion  lines below the threshold  clearly show the 1.1 ev 
dipole-forbidden Ni occupied-3d —► unoccupied-3d transition .
O ur 4 ev insu lating  energy gap of NiO has evidence of two experim ental m ea­
surem ents which have been widely referenced. One was reported  by Hiifner et 
al72 in 1984. They perform ed a  com bined X PS, UPS and  BIS study using the 
identical NiO sam ples(grow n as a th in  film on m etallic Ni) in the sam e in stru ­
m ent. T hey  declared th a t the 4.0 ev optical gap in NiO is a 0 -2 p  —> Ni-3d charge 
transfer transition . The o ther was reported  by Sawatzky and Allen51 in 1984. 
The com bined X PS, PES and BIS m easurem ents of cleaved single crystals of NiO 
have been perform ed. They found “the intrinsic charge-transfer gap in NiO is 4.3 
ev” . “th is optical transition  is then  of a mixed character, predom inantly  charge 
transfer involving two Ni sites, b u t w ith the transition  m atrix  elem ent strongly
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m ediated  by the  intervening ligand” . It is clear th a t the  energy gaps obtained  in 
b o th  experim ents are optical charge transfer gaps, which is consistent w ith our 
explanation of the  insulating n a tu re  of NiO.
A lthough b o th  the  sm all energy gap and the  insulating energy gap have m any 
experim ental supports , these experim ents were usually done ten , twenty, or even 
th ir ty  years ago, so it m ay be w orth  redoing some experim ental m easurem ents 
m ore accurately. Besides, there  are several reports  of R am an  scattering  by super­
conducting -gap excitations.101-104 In  principle, the  sm all energy gap of NiO m ay 
also be m easured by R am an  scattering .
C H A PTER 6 
RESULTS FOR A Co20 2 CLUSTER
Because of the  sim ilarity in bo th  m ethod  and results betw een an  em bedded 
Ni20 2 cluster and  a Co20 2 cluster, the  discussion in this chap ter will be much 
sim pler th an  the  previous chapter. The m ethod used here is the  sam e as in the 
previous th ree  chapters.
The geom etrical arrangem ent and em bedding procedure used here is sam e as 
for the  four-atom  Ni20 2 cluster w ith the  exception of the  la ttice  constan t which is 
4.2667 A, the  value of the  lattice  constant in crystaline C oO .69 Table 10 gives the 
basis set of cobalt a tom  which was originally provided by W achters.64,105 Three 
exponents have been inserted  and  eleven diffuse exponents have been added. The 
ratios betw een added adjoining exponents are about 2. T he basis set used for an 
oxygen a tom  is the  sam e as in th e  Ni20 2 cluster. A test of the  basis set in a two- 
atom -cluster calculation showed satisfactory convergence. T he to ta l num ber of 
basis functions is 312, and  the to ta l num ber of fitting functions is 128. The cutoff 
radii of surrounding  Co and 0  atom s are 0.387 a.u. and  1.132 a .u ., respectively. 
In  the  calculation of Vor, 1376 points and 2494 points are used for the  cobalt and 
oxygen cores, respectively. A to ta l of 240096 points is used in the  Vxc calculation. 
T he two step  m ethod  sam e as in chapter 4 and 5 is used here. W hen the  differences 
of all eigenvalues are less th an  0.0002 Ry, and the  difference of the  to ta l energy is 
less th an  0.0007 Ry, the  i terations  were stopped. In th is chap ter, all background 
charge densities, p2, are built from  the sam e p\  and are fixed during the  calculation. 
T he SC F ite ra tion  is only w ith respect to p\.
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T a b le  1 0 . Basis set of cobalt a tom
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same 270991. 3.100D-04 * same 1636.21 2 .9600D-03
same 39734.8 2.420D-03 k same 390.903 2 . 3360D-02
same 9057.46 1.238D-02 * same 127.884 1. 0343D-01
same 2598.21 4.849D-02 * same 49.2413 2 . 7954D-01
same 868.200 1.467D-01 k same 20.7512 4 . 3268D-01
same 323.431 3.213D-01 k
* same 9.20368 1.0000
same 130.860 4.0497D-01 k same 3.81779 1.0000
same 56.1219 1.9961D-01 k same 1.58762 1.0000
k same .624660 1.0000
same 18.9219 1.0000 * .170440 1.0000
same 7.95238 1.0000 k .083140 1.0000
same 2.19754 1.0000 * .040550 1.0000
same .846713 1.0000 k .019780 1.0000
.205000 1.0000 k .009650 1.0000
.122266 .129199 1.0000 k







same 44.9774 1.0000 * .307410 1.0000
same 12.5690 1.0000 * .1219 .159477 1.0000
same 4.24422 1.0000 * .082733 1.0000
2.20180 1.0000 k .042920 1.0000
1.4433 1.142242 1.0000 k .022266 1.0000
.449965 .592568 1.0000 k .011551 1.0000
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6 .1  C lu ste r  g ro u n d  s ta te
We build p 2 from  p\  according to  the  antiferrom agnetic  s tru c tu re . A fter 60 
SC F itera tions, th e  to ta l energy has converged w ithin 10-7  Ry. T here  are 0.00095 
cluster-electrons rem aining in the  surrounding core regions, which m eans the  con­
dition (2.11) is well satisfied.
Table 11 gives the  eigenvalues and  the  M ulliken populations of spin up orbitals. 
T he spin down orbitals are sam e as the  spin up orb itals, except for the  exchange 
of a tom  1 and  a tom  2. As in the  case of Ni2 02 cluster, the  Mulliken population 
analysis shows th a t each 3d o rb ita l is a ttached  to  a p a rticu la r cobalt ion, while 
each 2p o rb ita l is shared by two oxygen ions.
T he p ic tu re  of the  ground  s ta te  is sim ilar to  th a t of N i2 © 2  cluster: A 0.13 ev 
energy gap separates the  unoccupied and occupied cobalt 3d orb itals which are 
well localized (This energy gap is too sm all to  m ake CoO as an insulator and  will 
be discussed in section 6.4.). Each 3d orb ital is a ttached  to  a p articu lar cobalt 
ion. Below th e  3d levels are two diffuse oxygen 2p bands; above the  3d levels 
are em pty  oxygen 3s, cobalt 4s and  oxygen 3p bands. The overlap betw een two 
orb itals of 35 (spin up and  spin down, bo th  are cobalt 3d electrons) is 3.16%. In 
con trast, the  overlap betw een two orbitals of 28 (oxygen 2p electrons) is 84.97%. 
T he overlap betw een two orb itals of 39 (oxygen 3s electrons) is 92.52%. Again we 
see the  coexistence of localized and  band  properties.
T he calculated spin m agnetic m om ent of cobalt ion is 2.94 p s -  The experi­
m ental d a ta  for the  to ta l m agnetic m om ent of cobalt ion in CoO (including orbital 
con tribution) is 3.35 PB,108 3.8 p b  107 and 3.8 PB-108 No effort, has been m ade to
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T a b le  11 . Eigenvalues and  M ulliken populations of C 0 2 O 2 
cluster in  ground  s ta te  (spin up  orbitals)
orbital No Energy(Ry) Co s Co p Col d Co2 d 0 s Ol p 02 p
O 3p 44 0.5598 .01 -.01 -.01 .50 .50
(Co 4p) 43 0.5175 .50 -.04 -.04 .29 .29
Co 4s 42 0.4161 .78 .03 -.03 -.01 -.23 .23 .23
41 0.3852 1.01 -.25 -.04 -.04 -.01 .16 .16
0 3s 40 0.2290 -.29 -.06 -.06 1.25 .08 .08
39 0.1256 .05 -.15 -.02 -.02 1.13
Co 3d 38 -0.2014 .95 .02 .01 .01
37 -0.2543 .02 .98 -.01
36 -0.2830 .98 .01 .01
- - - _  .- - above are the unoccupied orbitals - - -. _  _ - -
Co 3d 35 (Ef)-0.2926 .01 .01 .97 .01 .01
34 -0.3277 .97 .01 .01
33 -0.3959 .01 .89 .02 .04 .04
32 -0.4525 .01 .97 .01 -.01 .01 .01
31 -0.4766 .94 .03 .03
30 -0.4873 .02 .94 .01 .02 .02
29 -0.5111 .84 .01 .08 .08
O 2p 28 -0.6190 .16 .02 .41 .41
27 -0.6350 .06 .01 .47 .47
26 -0.6906 .05 .02 .03 .45 .45
25 -0.7069 .01 .08 .06 .43 .43
24 -0.7103 .17 -.07 .04 .43 .43
23 -0.7612 .14 .05 .01 -.08 .44 .44
O 2s 22 -1.6875 -.03 1.03 .01 .01
21 -1.6952 -.05 -.03 1.07 .01 .01






Co 3s 14 -6.9198 1.00
13 -7.1479 1.00
0 Is 12 -37.2358 1.00
11 -37.2358 1.00






Co 2s 4 -64.3784 1.00
3 -64.5002 1.00
Co Is 2 -551.0222 1.00
1 -551.0232 1.00
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calculate the  o rb ita l contribution . T he C0 2 O 2 cluster is in an antiferrom agnetic 
sta te . Two cobalt ions have opposite spin m agnetic m om ents, and  two oxygen 
ions have no spin m agnetic m om ent, so the  to ta l m agnetic m om ent of the  cluster 
is zero. This is the  result of 90° superexchange e f f e c t .  Again we em phasize th a t 
the  90° superexchange effect a t least does not involve the  highest two occupied 
cobalt 3d orbitals (orbitals 35 and  34, since the ir hybridizations w ith oxygen ions 
are less th a n  3%), which have sam e spin direction as three unoccupied cobalt 3d 
orbitals.
6 .2  O p tica l p r o p e r tie s
Fig.11(a) shows the  experim ental results for the  optical-absorption coefficient 
of CoO obtained  by Powell and  Spicer57. Fig.11(b) shows optically allowed tra n ­
sition energies obtained  by using the  calculated eigenvalues. The real value will 
be a little  larger th a n  th a t in Fig.11(b) if the  transition  involves a large electron 
rearrangem ent. Included are all optically allowed transitions, from  cobalt 3d and 
oxygen 2p valence orbitals to  the  unoccupied cobalt 3d, oxygen 3s, cobalt 4s and 
oxygen 3p orbitals. T he highest unoccupied o rb ital counted is an oxygen 3p orbital 
w ith eigenvalue of 0.5598 Ry (7.6 ev).
In  general, these results are lower by about 2 ev th a n  the  experim ental da ta. 
T he source of this error m ay come from  our sm all cluster. If the  2 ev correction is 
considered, the  p icture is clear: the m ain absorption edge comes from  the  charge 
transfer transitions betw een oxygen 2p orbitals and  unoccupied cobalt 3d orbitals 
(p a rt A). The peak around  13.6 ev comes from  the transitions between oxygen 2p 

















F ig u r e  1 1 . (a) T he experim ental resu lts of optical-absorp tion  coefficient of CoO 
(Powell an d  Spicer, Ref. 57). (b ) T he optically  allowed transition  energies
ob tained  by using the  eigenvalues.
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from  two groups of transitions, oxygen 2p orbitals to  unoccupied cobalt 4s orbitals 
(p a rt C ), and  cobalt 3d orbitals to  unoccupied oxygen 3p orbitals (hybridized with 
cobalt 4p electron, p a rt D). By using the  eigenvalues, the  cobalt 3p to  3d threshold 
is 56 ev, close to  the  experim ental result of abou t 60 ev.
F ig.12(a) shows the  norm al photoem ission experim ental d a ta  and the  results 
of energy-band calculations of CoO reported  by Shen et al.59 Fig.12(b) shows our 
calculated eigenvalues. Here we sim ply use the  eigenvalues in Table 11 as the ion­
ization po ten tia l because of the  reason m entioned in section 5.2. U nfortunately, no 
off-normal- em ission experim ental d a ta  are available. In  the  experim ents of NiO, 
the  off-norm al-em ission experim ental d a ta  show m ore features th an  the norinal- 
emission d a ta .60 Some features m ay be m issing in Fig. 12(a) because of the  rig­
orous selection rules in a norm al em ission experim ent. In  general, our results are 
sim ilar to  the  energy-band calculation. B oth  show th a t cobalt 3d bands are above 
the  oxygen 2p bands. T he oxygen 2p bands appear to  agree relatively well w ith 
the  experim ental d a ta , b u t the  cobalt 3d bands com pare relatively poorly.
6 .3  M a g n e tic  p r o p e r tie s
As in the  case of the  M 2 O 2 cluster, the  to ta l energy of the  ferrom agnetic 
s ta te  is 3.51 ev (41000 K) above the  energy of the  antiferrom agnetic sta te . This 
indicates very stab le local A F order. Again, we assum e th a t in the  param agnetic 
s ta te , local A F order still rem ains and the  local m om ents of cobalt ions persist 
essentially unchanged. A random -num ber-generating  subroutine is used to  choose 
the  spin up and  spin down atom s, then  the  geom etrical restrictions of section 5.4 


































F ig u r e  12 . (a) T he photoem ission experim ental d a ta  and  the  results of energy- 
band  calculations of CoO (Shen et al, Ref. 59). (b) T he eigenvalues of em bedded
C0 2 O 2 cluster. T he position of th e  first Co 3d o rb ita l in (b) is aligned to  the  first 
experim ental d a ta  in (a) (represen ted  by v ) -
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which violate our restrictions. O ne row has all spins up, the  o ther has each cluster- 
cobalt ion su rrounded  by spin parallel cobalt ions. B oth  cases cannot happen  in 
practice because of the  local A F order. A pparently , the  antiferrom agnetic s tru c ­
tu re  has th e  lowest energy am ong the  disordered s truc tu res. If we neglect the 
change of system  entropy, by averaging the  eight disordered results in Table 12, 
we get the  Neel tem p era tu re  of 1162 K; the  experim ental result is 289 K 63. The 
discrepancy resu lts from  the  im perfection of the  exchange-correlation potentia l we 
used, from  the  neglect of the  change of the  system  entropy, and  from  our inability 
to  include enough ions in  our cluster. T he cu rren t form  of exchange-correlation 
po ten tia l is p roportional to  the  spin m agnetic m om ent of ion. A cobalt ion has 
a larger spin m agnetic  m om ent th a n  a nickel ion, so CoO has a higher calculated 
T jv th an  NiO, while its experim ental Tjv is lower.
Table 12 also shows the  energy gaps, the  optical absorp tion  edges and the 
spin m agnetic m om ent of each cobalt ion. It is clear th a t they  are independent of 
the  long-range spin order. The calculated spin m agnetic m om ents of cobalt ions 
in spin d isordered s ta tes are alm ost sam e as th a t in the antiferrom agnetic state , 
which shows the  consistency of our assum ption. Table 13 shows the  eigenvalues 
and the  Mulliken populations of one of the  spin-disordered states (disordered 1 
in Table 12). Table 13 and  Table 11 are alm ost identical which m eans they have 
sam e electronic s tru c tu re . Actually, we find th a t the  electronic s tru c tu re  of the 
cluster rem ains the  sam e in all spin-disordered s ta tes  as in the antiferrom agnetic 
sta te . This m eans th a t in a local A F pair, electronic s tru c tu re  is sam e for both 
param agnetic  and  antiferrom agnetic phase. T he photoem ission experim ental da ta  
support our results: the  photoem ission sp ec tra  taken  in the  two phases of CoO
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T a b le  12 . Results of a  four-atom  C0 2 O 2 cluster w ith different 
atom ic spin direction arrangem ent of surrounding  atom s. 
(T he C0 2 O 2 cluster is in an tiferrom agnetic  s ta te)
Atomic spin 18 nearest Total energy absor. spin magnetic 
No. direction Co atoms energy gap edge moment (Kg)
arrangement up down (K) (ev) (ev) Col-up Co2-down
1 antiferromagnet 
(31 up,31 down)
9 9 0 0.130 4.572 2.9397 2.9397
disordered 1 
(31 up,31 down)
9 9 +1202 0.102 4.545 2.9355 2.9379
disordered 2 
(31 up,31 down)
9 9 +1587 0.100 4.539 2.9370 2.9375
disordered 3 
(31 up,31 down)
9 9 + 7 0 4  0.128 4.570 2.9393 2.9380
disordered 4 
(30 up,32 down)
9 9 +  711 0.119 4.559 2.9399 2.9377
disordered 5 
(31 up,31 down)
9 9 +1444 0.106 4.562 2.9371 2.9393
disordered 6 
(31 up,31 down)
9 9 +1802 0.100 4.547 2.9373 2.9371
8 disordered 7 
(31 up,31 down)
9 9 +  399 0.120 4.560 2.9402 2.9397
9 disordered 8 
(31 up,31 down)
9 9 +1446 0.103 4.546 2.9364 2.9379
10 all spins up 18 
(62 up, 0 down)
+1383 0.149 4.599 2.9366 2.9408
11 special case 9
(31 up,31 down)
-1173 0.152 4.590 2.9412 2.9412
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T a b le  13 . Eigenvalues and  M ulliken populations of C0 2 O 2 
cluster in spin-disordered 1 s ta te  (spin up orbitals)
orbital No Energy(Ry) Co s Co p Col d Co2 d O s 01 p 02 p
O 3p 44 0.5602 .01 -.01 -.01 .48 .53
(Co 4p) 43 0.5170 .50 -.04 -.04 .30 .29
Co 4s 42 0.4169 .80 .02 -.03 -.02 -.23 .23
41 0.3840 1.00 -.24 -.04 -.04 -.01 .15 .18
0 3s 40 0.2291 -.29 -.06 -.06 1.25 .08 .08
39 0.1251 .04 -.15 -.02 -.02 1.14
Co 3d 38 -0.2030 .95 .02 .01 .01
37 -0.2559 .02 .98 -.01
36 -0.2846 .98 .01 .01
- - - - ■- - - above are the unoccupied orbitals1 - - - - - - -
Co 3d 35 (Ef)-0.2921 .01 .01 .97 .01 .01
34 -0.3271 .97 .02 .01
33 -0.3953 .01 .89 .02 .04 .04
32 -0.4516 .01 .97 .01 -.01 .01 .01
31 -0.4756 .94 .03 .03
30 -0.4873 .02 .94 .01 .02 .02
29 -0.5109 .84 .01 .08 .07
0 2p 28 -0.6186 .16 .02 .47 .35
27 -0.6346 .06 .01 .40 .53
26 -0.6896 .05 .02 .03 .49 .42
25 -0.7079 .02 -.01 .07 .06 .54 .32
24 -0.7104 .16 -.06 .04 .27 .58
23 -0.7617 .14 .05 .01 -.08 .46 .43
O 2s 22 -1.6872 -.03 1.03 .01
21 -1.6949 -.05 -.03 1.07 .01 .01






Co 3s 14 -6.9206 1.00
13 -7.1474 1.00
0 Is 12 -37.2354 1.00
11 -37.2364 1.00






Co 2s 4 -64.3788 1.00
3 -64.5002 1.00
Co Is 2 -551.0226 1.00
1 -551.0233 1.00
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are identical.59 From  the  discussion of the  next section, we can say th a t CoO 
rem ains as an  insu la to r w hen it transform s from  the  antiferrom agnetic to  p a ram ­
agnetic phase. This result is in  agreem ent w ith the  observed properties of solid 
CoO. To our knowledge, th is is the  first direct theoretical dem onstration  th a t the 
electronic s tru c tu re  in a local A F pair rem ains unchanged w hen CoO goes from 
the  param agnetic  phase to  the  an tiferrom agnetic  phase.
6 .4  E n e rg y  gap
In  th is section, the  sam e idea and m ethod  as in section 5.5 are used to  give a 
new explanation  of the  insu lating  n a tu re  of CoO.
It is clear th a t  our energy gap of 0.13 ev cannot m ake CoO an insulator. From  
Table 14(a), we know the  overlap of the  highest occupied 3d orb ital (orb ital 35) is 
3.16%, the  overlap of the  first unoccupied 3d orb ital (orb ital 36) is 1.97%. Using 
the  idea and  explanation in section 5.5, it is clear th a t these two orbitals can 
not form  a m etallic band , so the  ground s ta te  of cluster C0 2 O 2 is an insulating 
s ta te . F ig.13(a) shows the  charge d istribu tion  of the  ground s ta te  along the  line 
connecting Co 1 ion and 0  1 ion. T he charge d istribu tion  of the ground sta te  
along the  line connecting two cobalt ions is shown in Fig.13(b). It is clear th a t the 
electrons of cobalt ions are well localized and there  is alm ost no overlap between 
two cobalt ions.
In order to  discuss the  insu lating  gap, the  H ubbard  U param eter for cobalt 3d 
electron is calculated first. T he result is Udd ~  H -0  ev. T he real value should 
probably  be in the  range of 8 ~  10 ev.
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T a b le  14 . (a )  Eigenvalues and  M ulliken populations of C0 2 O 2 

















38 0 -0.2014 0.4 94.9 2.3 2.3 2.65
37 0 -0.2543 0.7 99.4 0.0 0.0 1.12
36 0 -0.2830 0.0 98.2 0.9 0.9 1.97
(1) 35 (Ef) 1 -0.2926 0.5 97.2 1.1 1.1 3.16
ground 34 1 -0.3277 0.1 97.0 1.4 1.4 3.17
state 33 1 -0.3959 89.6 0.5 4.9 4.9 5.20
32 1 -0.4525 97.8 1.0 0.5 0.5 2.37
31 1 -0.4766 93.5 0.1 3.2 3.2 6.76
30 1 -0.4873 95.0 0.6 2.2 2.2 5.77
29 1 -0.5111 84.1 0.9 7.5 7.5 16.36
28 1 -0.6190 15.6 1.8 41.3 41.3 84.97
(2) 36 (exc.) 1 -0.2860 0.0 98.2 0.9 0.9 1.95
35 to 36 35(hole) 0 -0.2944 0.5 97.3 1.0 1.0 3.05
(3) 3 7 (exc.) 1 -0.2516 0.7 99.6 -.1 -.1 1.05
35 to 37 35(hole) 0 -0.2893 0.5 97.1 1.2 1.2 3.16
(4) 38(exc.) 1 -0.2031 0.4 94 .7 2.4 2.4 2.75
35 to 38 35(hole) 0 -0.2931 0.5 97.2 1.1 1.1 3.25
(5) 3 6 (exc.) 1 -0.2734 0.0 98.3 0.9 0.9 1.88
34 to 36 34(hole) 0 -0.3168 0.1 97.2 1.3 1.3 2.93
(6) 37(exc.) 1 -0.2399 0.7 99.6 -.1 -.1 1.04
34 to 37 34(hole) 0 -0.3130 0.1 97.3 1.3 1.3 2.88
(7) 38(exc.) 1 -0.1894 0.4 94.9 2.3 2.3 2. 68
34 to 38 34(hole) 0 -0.3146 0.1 96.9 1.5 1.5 3.23
36(exc.) 1 0.0160 0.2 97.7 1.0 1.0 2.02
(8) 35 1 -0.0076 -6.9 69.9 18.5 18.5
28 to 36 34 1 -0.0327 0.0 98.6 0.7 0.7
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F ig u r e  13 . (a )  T he charge d istribu tion  of ground s ta te  of C0 2 O 2 c luster along 



















0 1 2 3 4 6
Col DISTANCE(a.u.) Co2
F ig u re  13 . (b ) The charge distribution of ground state of C0 2 O2  cluster along 
the line connecting two cobalt ions.
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T he electronic struc tu res  of th irteen  excited s ta tes have been calculated. The 
results of all six 3d-3d transitions involving the  sam e cobalt ion and the same 
spin direction (spin-preserving transitions) are presented in Table 14(a). These 
results are reliable because th e  electron rearrangem ent is very sm all during the 
transitions (com pared w ith the  ground s ta te  in Table 14(a), the  changes of the 
eigenvalues are less th an  0.015 R y). In  Table 14(a), the  m axim um  overlap of 
an excited 3d electron is 2.75%, the  m axim um  overlap of a 3d hole is 3.25%. 
Fig. 14 shows the  charge d istribu tion  of s ta te  2 along the  line connecting two 
cobalt ions. Table 14(b) gives the  results of six 3d-3d spin-flipped transitions 
between the  orbitals of sam e cobalt ion. T he probabilities of these transitions 
are m uch lower th an  th a t in Table 14(a) because they  are dipole-forbidden and 
they reduce the  spin m agnetic m om ent of cobalt ion to  about 1 h b - The electron 
rearrangem ent in these transitions are larger th an  th a t in Table 14(a) due to the 
change of spin m agnetic m om ent and th e  change of exchange-correlation energy. 
However, unlike NiO, the cobalt ion has still l p #  spin m agnetic m om ent, so the 
change of exchange-correlation energy should not be very large. We believe the 
results should be acceptable. O ur experience shows th a t m ost calculations of spin- 
flipped transitions are convergent. The transitions from  the  lowest occupied 3d 
o rb ital (orb ital 29) to  th ree unoccupied 3d orbitals are calculated. Four of five 
transitions from  the occupied 3d orbitals to  the  highest unoccupied 3d orbital are 
also calculated. No convergent result for the  transition  between orbital 32 and 38 
is obtained. In  s ta te  14, the o rb ital num ber 33 is the original num ber of the orbital 
in the ground sta te . We th ink  it is sufficient for our argum ent, because the excited 
electron in o rb ital 38 and the hole in o rb ital 29 or 30 usually have the m axim um
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overlap. In Table 14(b), the  largest overlap of an excited 3d electron is 4.63%, 
the  largest overlap of a  3d hole is 10.73%. T he result of s ta te  (8) in Table 14(a) 
is not reliable. T he only certain  th ing we can get from  it is th a t the  overlap of 
the  hole 28 should be larger th a n  85%, because each hole is shared by two oxygen 
ions. It is in teresting  to  find th a t  the  o rb ital 36 is still well localized (which m eans 
Co+ is localized), although we cannot confirm  it absolutely. In  conclusion, similar 
to the  ground s ta te , the  excited electrons and  holes have also bo th  localized and 
band  properties. For all spin-preserving 3d-3d transitions, the  overlaps of excited 
orbitals are less th an  2.8%, and  the  overlaps of holes are less th an  3.3%. For 
spin-flipped 3d-3d transitions, the overlaps of excited orb itals m ay be less th an  
4.7%; the  overlaps of holes m ay be abou t 11%. T he holes in oxygen 2p orbitals 
are diffuse, the  overlap is larger th an  85%, which m eans the holes can move freely 
in solid.
CoO has four properties which are very sim ilar to  those of NiO: (1) The m in­
im um  energy required to  transfer an electron from  the  nearest oxygen ion to a 
cobalt site is abou t 5 ev (the  m ain  optical absorp tion  edge). At least the  h o le  left 
in oxygen 2p bands can move freely in solid. (2) T he m inim um  energy required 
to  transfer a  cobalt 3d electron to  oxygen 3s conduction band  is about 6 ev. (3) 
The m inim um  energy required to  transfer an electron from  one cobalt ion to an­
other cobalt ion far away is abou t 9 ev (the H ubbard  U param eter for cobalt 3d 
electron). (4) T he 3d excited orbitals and holes of cobalt ion are well localized. 
The overlaps of excited orbitals are less th an  2.8% (spin-preserving) or 4.7% (spin- 
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F ig u re  14 . The charge distribution of excited state 2 along the line connecting 
two cobalt ions.
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Table 1 4 . (b) Eigenvalues and  Mulliken populations of C0 2 O 2 
cluster in six spin-flipped excited s ta tes  (spin up orbitals)
state orbital occupation eigenvalue Co 1 Co 2 O 1 0 2 overlap
No. number (Ry) (%) (%) (%) <%) (%)
(9) 36(exc. 1 -0.3343 0.1 97.8 1.1 1.1 2.50
29 to 36 29(hole 0 -0.4410 93.8 2.2 2.0 2.0 8.41
(10) 37(exc. 1 -0.3002 1.3 98.5 0.0 0.0 2.57
29 to 37 29(hole 0 -0.4362 94.0 2.1 1.9 1.9 8.11
(11) 38 (exc. 1 -0.2506 0.8 93.4 2.8 2.8 4.31
29 to 38 29(hole 0 -0.4389 92.8 2.6 2.3 2.3 9.73
(12) 38(exc. 1 -0.2695 0.9 92.9 3.0 3.0 4.63
30 to 38 30(hole 0 -0.4292 93.6 4.2 1.1 1.1 10.73
(13) 38(exc. 1 -0.2629 0.9 93.0 2.9 2.9 4.58
31 to 38 31(hole 0 -0.4089 96.2 0.5 1.6 1.6 4.52
(14) 38(exc. 1 -0.2606 0.9 93.5 2.8 2.8 4.30
33 to 38 33(hole 0 -0.3266 92.3 1.3 3.2 3.2 5.04
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O ur new explanation of the  insulating n a tu re  of CoO is: The overlap of the 
excited 3d electrons is too sm all to  form  a m etallic band , bu t the  overlap is suf­
ficient for th e  hole to  m igrate  th ro u g h  the  crystal by electron exchange. In  this 
sense, CoO is a charge transfer in su la to r w ith a gap of about 5 ev (m ostly from  
oxygen to  cobalt). T here is som e experim ental evidence of the sm all energy gap 
of CoO: the  tran sp o rt m easurem ent in CoO show great sim ilarities betw een th a t 
m ate ria l and  N iO .57
6 .5  D isc u ss io n
We believe the  calculations are reliable for bo th  the  Ni2 02 cluster and  the 
C 0 2 O 2 c luster in the  sense of the  em bedding procedure, the  basis set and  the  nu ­
m erical calculation of Vxc■ However, our em bedded clusters are sm all and contain 
only th e  90° superexchange effect because of com putational lim itations. Guo et 
a l.25 have shown th a t the  results of th is m ethod  are convergent when the  size of 
em bedded cluster is increased. From  the  discussion in section 5.1, we expect the 
general p ic tu re  will rem ain  the  sam e, and  the  num erical values will be b e tte r  com ­
p ared  w ith  the  experim ental d a ta , if a big cluster containing bo th  90° and 180° 
arrangem ents of transition -m eta l ions could be used.
T he o ther question is why a large H ubbard  U (8 ~  9 ev) can not produce a 
big 3d energy gap (only 0.1 ~  0.5 ev). Here the  3d energy gap  m eans the  energy 
difference of eigenvalues betw een occupied and unoccupied 3d orbitals of sam e 
cation. We believe the problem  comes from  the definition of the H ubbard  U used. 
If U is defined as the  difference betw een the ionization po ten tia l and the electron
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affinity of 3d electrons, the  only direct physical m eaning of U is the  m inim um  
energy required  to  transfer an 3d electron from  one cation to  ano ther cation far 
away. A large value of such defined U does not necessarily m ean a  large 3d energy 
gap.
W h at we can confirm  is: For bo th  NiO and CoO, the  ground s ta te  is an 
an tiferrom agnetic insulating s ta te  w ith b o th  localized and  band  properties. All 3d 
electrons are well localized and  each is a ttach ed  to  a p articu la r site. Oxygen 2p 
electrons are spread  and form  the  bands. All 3d levels are higher th an  oxygen 2p 
bands. Additionally, the excited 3d electrons are also well localized. This p icture 
leads to  a  n a tu ra l in te rp re ta tio n  of alm ost all experim ental da ta . Based on this 
p icture, a  new explanation of th e  insulating n a tu re  of NiO and CoO is proposed: 
The excited 3d states cannot form  a m etallic band , so bo th  NiO and CoO are 
charge transfer insulators w ith  the  0 -2 p  —> cation-3d gaps of abou t 4 and  5 ev, 
respectively. T he theoretical sim ulation of param agnetic  phase of b o th  NiO and 
CoO show th a t the  electronic s tru c tu re  in a local A F pair is independent of the 
long-range spin order. T he antiferrom agnetic phase has lowest to ta l energy if the 
spin-disordered s ta te  is assum ed to  possess local A F order.
C H A PTER  7 
SUMMARY
We have presented a  self-consistent cluster em bedding m ethod to  study  the  
electronic s tru c tu re  of solids by ab in i t io , local spin density functional calculation. 
A theoretical discussion from  the  viewpoint of to ta l energy is provided. I t is 
found th a t although there  is an  em pirical param eter, this m ethod  is accurate if 
the  condition (2.11) is satisfied. A definition of the  to ta l energy for the  em bedded 
cluster has been in troduced . We have developed a procedure to  sim ulate the 
m agnetic  s tru c tu re  by using real  a tom s and ions. To our knowledge, this is the 
first theoretical sim ulation m ethod  of spin-disordered s ta te  w ith local AF order. 
A new general LCGO program  package to  perform  the  all-electron, spin-density- 
functional, self- consistent cluster-em bedding calculations has been constructed.
We have studied the  electronic s truc tu res  of NiO and CoO by using a high 
quality basis set to  calculate a sm all em bedded cluster. T he two m aterials show 
b o th  localized and  band  properties. Their ground sta tes show sim ilar pictures: A 
sm all energy gap separates the  unoccupied and occupied 3d orbitals which are well 
localized. Each 3d orb ital is a ttach ed  to  a particu lar cation. Below the  3d levels 
are two diffuse oxygen 2p bands, while above the 3d levels are em pty oxygen 3s, 
cation 4s and oxygen 3p bands. E xperim ental d a ta  concerning photoem ission and 
optical-absorp tion  can be in te rp re ted  naturally .
For the  first tim e, the  charge d istribu tion  properties of excited 3d states have 
been investigated, and the  excited 3d electrons were found to be well localized. The 
H ubbard  U param eters  for nickel 3d and cobalt 3d electrons were estim ated . We
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proposed a new explanation  for the  insulating n a tu re  of transition -m eta l m onox­
ides which can explain b o th  NiO and  CoO consistently: The overlap of the  excited 
3d electrons is too sm all to  form  a m etallic band , b u t the  overlap is sufficient for 
the  hole to  m igrate  th rough  the  crystal. In th is sense, bo th  NiO and CoO are 
charge-transfer insu lator w ith  the  gaps of about 4 and  5 ev (m ostly from  oxygen 
ion to  cation), respectively. T he calculated sm all energy gaps provide the  activa­
tion energies. M any experim ental evidences have been found for bo th  the small 
energy gap and the  charge-transfer insulating gap of NiO.
T he spin m agnetic m om ents of ions are calculated. For b o th  NiO and CoO, 
the  theoretical sim ulations of spin-disordered s ta te  w ith local AF order have been 
perform ed. It p roduced the  first direct theoretical dem onstration  th a t the  elec­
tronic s tru c tu re  in local A F pairs rem ains unchanged w hen NiO or CoO go from  
param agnetic  phase to  antiferrom agnetic  phase. The antiferrom agnetic phase has 
the  lowest to ta l energy if the  spin-disordered s ta te  possesses local AF order. R ea­
sonable values of the  Neel tem p era tu re  for bo th  m aterials were obtained.
In  conclusion, our calculated results lead to a n a tu ra l in te rp re ta tion  of alm ost 
all experim ental d a ta  for b o th  NiO and  CoO. This suggests th a t the self-consistent 
cluster-em bedding m ethod  is a good s tartin g  point to  describe the transition- 
m etal monoxides. In  principle, the  surface, interface and im purity  states should 
be calculated easily by this m ethod, although we have not tried  it. In our opinion, 
the  com plete knowledge of a  solid’s electronic s tru c tu re  contains two parts: (i) the 
s tru c tu re  of energy eigenvalues, (ii) the  localized and band  properties of electrons 
and  holes, which can only be obtained  by this m ethod. Considering the advantages 
above, th is m ethod is a hopeful way to study the higli-Tc superconductors.
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A PPEN D IX  A 
TH E DERIVATION OF EQUATION (2.7)
Here we give the  derivation of equation (2.7). If pi  and  p 2 are distinguishable, 
(2.7) is sim ply a  form ula, and no fu rther p roof is required. T he physical argum ent
leading equation  (2.1) to  equation (2.7) is clear: because all exchange-correlation
energy is expressed explicitly in E xc[p], the  p a rtitio n  of th e  charge density will not 
change the  to ta l energy. The m athem atica l argum ent is as follows.
We expand  the  single particle wave function:
* f ( r )  =  J2 O ' ,X m(r) +  J ]  C:,Yn(r) =  (r) +  V-f (r) (A.l)
m  n
Define:
Mr) =  Y  Y  i^i2 (A2a)
O ' occupied I
W(r) = £  E  Wl2 <A2h)
o' occupied I
TlPi] =  E  E  /  # * ( r ) ( - V 2W ( r ) i r  (A.2c)
o' occupied I
r H = E  E  f  *r(r)(-V2M( r ) *  (A-2d)
o' o c c u p ie d  I
N i =  J  pi(v)dv  (A .2e)
OO
v 2 =  J  P 2 ( r ) d r  ( A. 2 f )
OO
Suppose we can choose the  sets of basis function {Arm(i')} an d {¥n(r )} f°  satisfy
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the  following two equations w hen the  system  is a t its ground state:
E  E  E  [ C Z C Z , X M Y „ ( t )  +  (r)-Mr) ] = 0 (A.3a)
<t occupied, I tnn
E  E  E  I
o  occupied I “
+G„7C"| J  Y : ( r ) ( - V 2) X m(r)dr ] = 0 ( A M)
T hen
P(r ) =  P i(r ) + P 2 (r) ( AAa)
T \p\ =  T[pi] + T[p2\ ( AAb)
S ub stitu te  (A .4a) and  (A .4b) in to  (2.1), we get (2.7). The theoretical existence of
the  sets {X TO(r)}  and  {yn(r)}  is possible, since (A .3b) is a single equation, (A .3a)
localizes in a  finite space ( Arm(r) , Tn(x*) ^ f l^ O  ) and the num ber of X m(r) and 
Yn(r) can be infinite.
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M a in  P r o g r a m s
2 C PROGRAM 1.
3 C
4 C CALCULATE FITTING OVERLAP MATRIX : QFU(I,J) ' VXTEE.MAT’
5 C AND ITS INVERSE MATRIX : F(I,J) ’LSFIT2.MAT’
6 C CALCULATE FITTING COEFFICIENTS : ROUP(K),RODN(K)
7 C CALCULATE EMBEDDING FITTING COEFF. : PROUP(K),PRODN(K)
8 C ASIGNS THE FITTING BASES : >NEWFIT.DATA’
9 C ASIGNS THE EMBEDDING FITTING BASES : ’POTFIT.DATA’
10 C N T P ----------- TYPES OF ATOM IN THE SYSTEM
11 C N P P T ----------TOTAL # OF SURROUNDING ATOMS
12 C NEXPS(I)  # OF S ATOMIC EXPONENTS (1=1 KIND 1
13 C 1=2 KIND 2 )
14 C EXP1(I,J,K) ATOMIC EXPO. 1=1 FOR S;2 FOR P
15 C K=1 KIND 1;K=2 KIND 2;K=3 KIND 3
16 C A(I,J,K)------- ATOMIC EXPANSION COEFF
17 C (1=1,NOBTL) K IS SAME AS ABOVE
18 C NS(K)----------# OF S ORBITALS
19 C NOBTL(K)------ TOTAL # OF ORBITALS
20 C NOTE: USER SHOULD CHANGE MFT,NTP,MPFT,NPPT AND NPPTT.
21 C USER ALSO NEEDS TO CHECK THE DATA-INPUT OF NS(1),
22 C NP ( 1 ) --------ND (2) .
23 C USER SHOULD ALSO PAY ATTENTION TO THOSE LINES

















42 C ENTER # OF ATOMIC ORBITALS HERE (I.E. MIMINUM BASIS )
43 DATA NS(l)/4/,NP(l)/2/,ND(l)/l/,NS(2)/2/,NP(2)/l/,ND(2)/0/
44 DO 198 1=1,10
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54 DO 6310 1=1,NTP
55 6310 NOBTL(I)=NS(I)+NP(I)+ND(I)
56  0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
57 C THE FOLLOWING FILE CONTAINS THE INITIAL ATOMIC CHARGE DENSITY
58 0===============================================================
59 0PEN(UNIT=8,
60 0 FILE=*:HOSTCHAR:PHZHEN:IBMJOB.FORTRA(ATOMFB)’,AC=’R ’)
61 K=1




66 2 FORMATClX,’ATOM:’,A2,’, # OF S EXP = ’,12,’, P E X P = ’,I2,
67 1>, D EXP = ’,12)










78 C READ IN EXPANSION COEFFICIENT A(I,J) FOR S P ORBITALS
79 C 1=1,2, FOR IS— 4S; 1=3 FOR 2P
80 C NS---- # OF S ORBITAL ; NP # OF P ORBITAL
81 13 FORMAT(7F8.5)




















101 C READ IN ATOMIC OCCUPATION #
102 READ(8,3) (OQUP(I,K),1=1,NOBTL(K))
103 READ(8,3) (OQDN(I,K),1=1,NOBTL(K))
104 C READ IN S,P,D EXPONENTS— EXP(I,J) FOR S 1=1; FOR P 1=2
105 READ(8,10) (EXP1(1,1,K),1=1,NEXPS(K))
106 READ(8,10) (EXP1(2,1,K),1=1,NEXPP(K))
107 C READ(8,11) (EXP1(3,1,K),1=1,NEXPD(K))
108 C READ IN EXPANSION COEFFICIENT A(I,J) FOR S P D ORBITALS









118 C DO 20 I=ND1,NOBTL(K)
119 C20 READ(8,13) (A(I,J,K),J=1,NEXPD(K))
120 0============ FINISH READING A.I ====================
121 C==CALL OUT SURROUNDING ATOMS =======================
122 CALL POSIT(NPKT,NPKKT,NSPIN,PAZ,PAR)
123 C==CALL OUT CLUSTER ATOMS =======================
124 CALL AMSIT(NATM,NTP1,NTP2,ANZ,AR)









134 C CALCULATE THE FITTING MATRIX
135 DO 80 1=1,NMAX

































168 S'fUPI (I, J)=RES
169 80 STUPI(J,I)=STUPI(I,J)
170 WRITE(6,*) ’ FINISHED OVERLAP MATRIX’
171 C=========== CALCULATE FITTING COEFFICIENTS======
172 DO 91 1=1,3
173 91 YB(I)=O.DO


































































































































255 DO 170 1=1,NMAX




260 DO 1149 1=1,NMAX
261 1149 WRITE(13) (STUPICI,J),J=1,NMAX)
262 REWIND(13)
263 CL0SE(13)
264 67 FORMAT(IX,El2 .5,1X,E12.5,1X,E12.5,1X,E12.5,1X,E12.5,
265 $ 1X,E12.5,1X,E12.5,1X,E12.5,1X,E12.5,1X,E12.5)
266 WRITE(6,*) ’ THE FITTING MATRIX qFU IS >
267 WRITE(6,67) (QFU(I,I),1=1,NMAX)
268 C== CALCULATE THE INVERS OF FITTING MATRIX F
269 CALL GMIS(QFU,F,QF,QWK,QWBE,NMAX)
270 C== STORE THE INVERSE MATRIX FUR FOR USING OF PR0GRAM2
271 OPEN(UNIT=50,FILE=LSFIT2.MAT,FORM='UNFORMATTED’)
272 DO 2448 1=1,NMAX






279 DO 240 1=1,NMAX
107






280 DO 102 1=1,NATO
287 K=1
288 IF(ANZ(I).LT.10.D0) K=2







290 C ONLY USED WHEN TESTING FITTING
297 C I.E . NO LANGERANGE MULTIPLIER












310 DO 244 1=1,NMAX
311 CM=RODN(I)*ETA(I)+CM
312 244 CN=ROUP(I)*ETA(I)+CN
313 WRITE(6,*) ’ FITTED TOTAL CHARGE,UP ft DN)\CN,CM
314 WRITE(6,*) > ACTUAL TOTAL CHARGE,UP ft DN)’,TZUP,TZDN
315 WRITE(6,*) ’ THEY SHOULD BE CLOSE !!!’
316 OPEN(UNIT=12,FILE=POTFIT.DATA,FORM=’UNFORMATTED’)
317 READ(12) NPMAX















332 DO 252 I=1,NPPTT
333 KIN=2*I-1
334 DO 251 J=1,MPFT/NPPTT
335 K=(I-i)*MPFT/NPPTT+J
336 C=-=ADD ANTIFERRO-MAGNETISM==============================
337 IF(NSPIN(KIN). E q . l )  THEN
338 PR0UP(K)=R0DN(J)
339 PRODN(K)=ROUP(J)






346 DO 254 1=1,MPFT
347 PPCM=PRODN(I)*PETA(I)+PPCM
348 254 PPCN=PROUP(I)+PETA(I)+PPCN
349 WRITE(6,*) 'FITTED EACH POTENTIAL CHARGE,UP ft DN',PCN,PCM,PCMCN
















1 (j** ************************************************** **********
2 C PROGRAM 2. )
3 C )
4 C THIS PROGRAM PERFORMS THE EXCHANGE-CORRELATION POTENTIAL )
5 C FITTING BY A LEAST-SqUARES METHOD. (VEXUPDN.DATA) )
6 C MFT : DIMENSION OF CHARGE FITTING MATRIX. )
7 C NF1 : DIMENSION OF V(XC) FITTING MATRIX. )
8 C MPFT : # OF FITTING BASIS OF SURROUNDING ATOMS. )
9 C NOTE: USER SHOULD CHANGE MFT,NF1,NF2,MPTS AND MPFT. )
10 C USER SHOULD ALSO PAY ATTENTION TO THOSE LINES )





















33 DO 198 1=1,10









43 C== CALL OUT ATOM AND FITTING LOCATIONS ================
44 CALL AMSIT(NAT,NTP1,NTP2,AZZ,ARR)




























































C== CALL OUT THE VEX FITTING EXPO ft LOCATIONS NMM-> RAM FITTING;
CALL VEFIT(NMM.NMMP)





















C== READ IN CHARGE FITTING MATRIX (INVERSE OF UQF) ===
0PEN(UNIT=50,FILE='LSFIT2.MAT',FORM='UNFORMATTED')




C== READ IN THE SAMPLING POINTS CREATED BY BECKE =========
OPEN(UNIT=17,FILE=’RAMPT',FORM='UNFORMATTED’)
READ(17) NTOT,NFIT,NCLU 




WRITE(6,*) ’ # OF DIFFUSED SAMPLING ’.NTOT.NFIT.NCLU 





98 DO 1901 1=1,NTOT
99 IF(ABS(XR(I,1)-ARR(2,1)).LE.0.50.AND.ABS(XR(I,2)-ARR(2,2))
100 $ .LE.O.50.AND.ABS(XR(I,3)-ARR(2,3))
101 $ .LE.O.50) UU=UU+DENT(I)
102 IF(ABS(XR(I,1)-ARR(1,1)).LE.0.50.AND.ABS(XR(I,2)-ARR(1,2))
103 $ .LE.0.50.AND.ABS(XR(X,3)-ARR(1,3))
104 $ .LE.0.50) XUU=XUU+DENT(I)
105 1901 CONTINUE
106 WRITE(6,*)’ QUALITY OF SAMPLING’,XUU,UU,’ COMPARE ’,UP







































































































WRITE(6,*) ' INTEGRAL OF TOTAL CHARGE’,CGUP,CGDN 
WRITE(6,*) ’ INTEGRAL OF POTENTIAL CHARGE’.PCGUP.PCGDN 
WRITE(6,*) ’ FINISH CALCULATE VEX(R)’









































































1 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )
2 C PROGRAM 3 )
3 C )
4 C THIS PROGRAM CALCULATES )
5 C OVERLAP MATRICES : OVLP(I.J) )
6 C KINETIC & NUCLEAR POTENTIAL MATRICES : TPV(I.J) )
T C IT ALSO HAS THE FOLLOWING FEATURES: )
8 C 1) CONTRACTED BASIS. )
9 C 2) EMBEDDING CASE. )
10 C NOTE: )
11 C MWF : THE DIMENSION OF WAVE FUNCTION. )
12 C NTP : TYPES OF ATOMS IN THE CLUSTER. )












25 DO 198 1=1,10









35 C== CALL OUT CLUSTER ATOM LOCATIONS =========================
36 CALL AMSIT(NAT,NTP1,NTP2,AZZ,ARR)
37 C== CALL OUT EMBEDED POINT LOCATIONS =========================
38 CALL EMSIT(NEM,NET1,NET2,EMZ,EMR,NLED,DEL,WMBS)
39 WRITE(6,*) ’ EMBEDDED POINT CHARGE INFORMATION ’
40 DO 40 1=1,392
41 WRITE(6,35) I ,(EMR(I,J),J=1,3),EMZ(I),NLED(I),DEL(I),WMBS(I)
42 40 CONTINUE
43 35 FORMAT(2X,14,2X,3(F10.3,1X),2X,F10.3,2X,I3,2X,F10.3,2X,F10.3)

































































WRITE(6,*) ’CLS MATRIX DIM IN 3RD MAIN PGM IS '.NWFX
C
C== CALCULATE OVLP MATRIX ELEMENTS ============
C

































97 WRITE(6,*) ’ OVLP(I,I)==’
98 WRITE(6,*) (OVLP(I,1),1=1,NWFX)
99 C
100 0========== CALCULATE TftV MATRIX ELEMENTS ============
10 1 c










112 DO 71 LM=1,NNL(I)




117 DO 71 LN=1,NNL(J)










128 DO 100 MA=0,L1
129 DO 100 MB=0,M1
130 DO 100 MC=0,N1
131 DO 100 MD=0,L2
132 DO 100 ME=0,M2










142 C IN EMBEDED CASE, COMMENT THE FIRST 5  SENTENCES AND USE NEXT 5

















160 C DIJ-S,DIJ-P AND DIJ-DKL CASE FOR IDX=1 AND




165 C JDX=1 WHEN L1=S,P OR XY-TYPE, AND L2=X*X TYPE
166 C IDX=3 WHEN L1=X*X L2=Y*Y, =2 WHEN ONE OF THEM=X*X FORM
167 C POTEN FOR NUC-ATRC. PART ONLY HERE
168 LMN2=L2+M2+N2
169 UU=0.DO
170 C IN EMBEDED CASE, COMMENT THE FIRST 5 SENTENCES AND USE NEXT 5











182 IF(LL1.Eq.1.AND.LL2.EQ.2.AND.LL.Eq.2) GOTO 881
183 IF(LL.LT.LMN2) GO TO 881
184 CALL NUCAT(AL(I,LM),AH,LI,Ml,N1,AL(J ,LN),BH,L2,M2,N2,CH,IDX,ATTR)
185 GO TO 882













































2 c PROGRAM 4  )
3 c )
4 c T H IS  PROGRAM CALCULATES )
5 c TWO ELECTRON INTEGRAL MATRIX : T E L E L P O , * )  )
6 c THREE CENTER V (EX ) MATRIX : T C 2 V X ( * , * )  )
r c NOTE: )
8 c NFT.M FT : CHARGE F IT T IN G  DIMENSION )
9 c MWF : DIMENSION OF WAVE FUNCTION )
10 C**************************************************************)
11 I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )
12 PARAMETER (N F T = 64 ,M W F =156)
13 DIMENSION A L (M W F ,2 0 ) ,X (M W F ) , V (M W F),Z(M W F), N T (M W F ),A F (3 ,M W F ) ,
14 $ L P (3 , 3 ,MWF), ANK(MWF, 2 0 ) , LYZ(MWF), NNL(MWF), ACT(MWF, 2 0 )
15 DIMENSION L F T ( N F T ) ,E T A (N F T )
16 DIMENSION A H ( 3 ) , B H ( 3 ) , C H ( 3 )
17 DIMENSION A G ( N F T ) , X F ( N F T ) , Y F ( N F T ) , Z F ( N F T ) , T E D ( 6 0 )
18 DIMENSION T E L E L P (N F T ) ,T C 2 V X (N F T ) ,B A F I(N F T ,M W F )
19 C 0 M M 0 N /C 0 E F /B IN (1 0 , 1 0 ) ,D B F C ( 1 1 ) , P I
20 C 0 M M 0 N /S H E N /00V (5800)
21 C0M M0N/FUN/FUN(10)
22 DO 15  1 = 1 , 1 0
23 DO 1 5  J = 1 , I
24 15  B I N ( I , J ) = F A C ( I - 1 ) / F A C ( J - 1 ) / F A C ( I - J )
25 D B F C ( 1 ) = 1 . ODO
26 D B F C ( 3 ) = 1 . ODO
27 D B F C ( 5 ) = 3 . ODO
28 D B F C ( 7 ) = 1 5 . ODO
29 DBFC( 9 ) = 1 0 5 . ODO
30 D B F C ( 1 1 ) = 9 .0 D 0 * D B F C ( 9 )
31 P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0
32 O P E N (U N IT = 2 0 , F I L E = ’ C L S . DATA, LENGTH=15 0 0 0 ’ , FORM='UNFORMATTED’ )
33 R E A D (2 0 )  NWFX
34 READ( 2 0 )  ( N T ( I ) , 1 = 1 , NWFX)
35 READ( 2 0 )  ( L Y Z ( I ) , 1 = 1 , NWFX)
36 READ( 2 0 )  ( N N L ( I ) , 1 = 1 , NWFX)
3 7 READ( 2 0 )  ( X ( I ) , 1 = 1 , NWFX), ( Y ( I ) , 1 = 1 , NWFX), ( Z ( I ) , 1 = 1 , NWFX)
38 DO 4 0  1 = 1 , NWFX
39 READ( 2 0 )  ( A L ( I , J ) , J = 1 , N N L ( I ) )
40 READ( 2 0 )  ( A N K ( I . J ) , J = 1 , N N L ( I ) )
41 R E A D (20)  ( A C T ( I , J ) , J = 1 , N N L ( I ) )
42 N B T = N T (I )
43 READ( 2 0 )  ( A F ( J , I ) , J = 1 ,N B T )
44 4 0  R E A D (20)  ( ( L P ( J J . I I , I ) , J J = 1 , 3 ) , 1 1 = 1 ,NBT)
45 REW IND(20)
46 C L 0 S E ( 2 0 )
47 O PEN (U N IT =1 1 , F I L E = ' NEW FIT. DATA, LENGTH=1 6 0 0 0 ' , F0RM=’UNFORMATTED
120
48 READ( 1 1 )  NMAX
49  READ( 1 1 )  ( A G ( I ) , 1 = 1 , NMAX)
50 R E A D ( l l )  ( E T A ( I ) , 1 = 1 , NMAX)
51 R E A D ( l l )  ( L F T ( I ) , 1 = 1 , NMAX)
52 R E A D ( l l )  ( X F ( I ) , 1 = 1 , N M A X ) , ( Y F ( I ) , 1 = 1 , N M A X ) , ( Z F ( I ) , 1 = 1 , NMAX)
53 R E W I N D ( l l )
54 C L O S E ( l l )
55 DO 5 0  J=1 ,N W FX
56 DO 5 0  IF=1,N M AX
57  5 0  B A F I ( I F , J ) = ( X F ( I F ) - X ( J ) ) * * 2 + ( Y F ( I F ) - Y ( J ) ) * * 2 + ( Z F ( I F ) - Z ( J ) ) * * 2
58 C
59 C==.CALCULATE THE TWO-EL MATRIX ELEMENTS = = = = = = = = = = = == = = = = = =
60  C
61 O P E N (U N IT = 2 5 , F I L E = ’TWOELEL. MATR, D I S K = 6 0 ’ , RECL=NRECL1 ,
62 0  SYNC=’ ASYNCHRONOUS’ , FORM=’UNFORMATTED’ )
63  O P E N (U N IT = 2 6 , F I L E = ’ TCVEX1. MAT, D I S K = 2 0 ’ , RECL=NRECL1,
64  $  SYNC=’ASYNCHRONOUS\FORM=’UNFORMATTED’ )
65 DO 2 6 6 6  1 = 1 , NWFX
66  DO 2 6 6 6  J = 1 , I
67  A H ( 1 ) = X ( I )
68  A H ( 2 ) = Y ( I )
69  A H ( 3 ) = Z ( I )
70 B H ( 1 ) = X ( J )
71 B H ( 2 ) = Y (  J )
72 B H ( 3 ) = Z ( J )
73 A R 1 = ( A H ( 1 ) - B H ( 1 ) ) * * 2 + ( A H ( 2 ) - B H ( 2 ) ) * * 2 + (AH( 3 ) - B H ( 3 ) ) * * 2
74 DO 2 6 5 6  IF=1,NM AX
75 C H ( 1 ) = X F ( I F )
76 C H ( 2 ) = Y F ( I F )
77 C H ( 3 ) = Z F ( I F )
78 A U = 0 . DO
79 A R 2 = B A F I ( I F , J )+ A R 1
80 L L T = L Y Z ( I ) + L Y Z ( J )
81 L L S = 2 * I N T ( L L T / 2 )
82 I F ( A R 2 . L T . 0 . 0 0 0 0 1 . A N D .L L S .N E .L L T )  THEN
83  SU=0.DO
84 ELSE
85 S U = 0 . DO
86  DO 7 2 1  L M = 1 ,N N L (I )
87 DO 7 2 1  1 1 = 1 , N T ( I )
88 L 1 = L P ( 1 , 1 1 , 1 )
89 M 1 = L P ( 2 , I 1 , I )
90  N 1 = L P ( 3 , I 1 , 1 )
91 DO 7 2 1  L N = 1 ,N N L ( J )
92 DO 7 2 1  1 2 = 1 , N T ( J )
93  L 2 = L P ( 1 , 1 2 , J )

















































N 2 = L P ( 3 , 1 2 , J )
E P 1 = A L ( I ,L M )
E P 2 = A L ( J ,L N )
CALL VEXOP(EP1 , AH, L I . M l , N 1 , E P 2 , BH, L 2 , M 2 , N 2 , AG( I F ) , CH, L F T ( I F ) , R ES) 
A U =A U +R E S*A F(I1 , I ) * A F ( I 2 , J ) * A C T ( I , L M ) * A C T ( J , L N ) * A N K ( I , L M ) *
$ A N K (J .L N )
I F ( L Y Z ( I ) . G T . 2 . O R . L Y Z ( J ) . G T . 2 )  THEN 
IDX=0
DO 2 1 0 0  MA=0,L1 
DO 2 1 0 0  MB=0,M1 
DO 2 1 0 0  MC=0,N1 
DO 2 1 0 0  M D =0,L2 
DO 2 1 0 0  ME=0,M2 
DO 2 1 0 0  M F=0,N 2
C 1 = B IN ( L 1 + 1 ,M A + 1 )* B IN (M 1 + 1 ,M B + 1 )* B IN (N 1 + 1 ,M C + 1 )
C 2 = B IN ( L 2 + 1 ,M D + 1 ) * B I N (M 2 + 1 ,M E + 1 )* B IN (N 2 + 1 ,M F + 1 )* C 1  
R S = 0 . DO
CALL O V E R L P (A L (I ,L M ) ,A H ,M A ,M B ,M C ,A L (J ,L N ) ,B H ,M D ,M E ,M F ,R S )  
IDX=IDX+1 
2 1 0 0  0 0 V ( ID X )= C 2 * R S
RES=O.DO 
E S S S = A L (J ,L N )
CALL T C K I J ( A L ( I , L M ) , L I , M 1 , N 1 , E S S S , L 2 , M 2 , N 2 , A G ( I F ) , A H , B H , C H , R E S )
UU=RES*2.DO
ELSE
L L 1 = H A X (L 1 ,H 1 ,N 1 )
L L 2 = H A X (L 2 ,H 2 ,N 2 )
LL=L1+M1+N1
C D I J - S . D I J - P  AND D IJ -D K L  CASE FOR IDX=1 AND 
C D I I - S ,  D I I - P ,  D IJ -D K K  CASE (  D I I -D K K  WHEN ID X =3 )
IDX=2
I F ( L L 1 . L E . 1 . AND. L L 2 . L E . 1 )  IDX=1 
I F ( L L 2 . E Q . 2 . AND. L L 1 . E Q . 2 )  IDX=3 
C JDX=1 WHEN L 1 = S , P  OR XY-TYPE, AND L2=X*X TYPE
C ID X =3 WHEN L1=X*X L 2=Y *Y , = 2  WHEN ONE OF THEM=X*X FORM
C POTEN FOR NUC-ATRC. PART ONLY HERE
LMN2=L2+M2+N2 
U U = 0 . DO 
A Z S 1 = A L (I ,L M )
A Z S 2 = A L (J ,L N )
I F ( L L 1 . E Q . 1 . AND. L L 2 . E Q . 2 . AND. L L . E Q . 2 )  GOTO 8 2 8 1  
IF C L L .L T .L M N 2 )  GO TO 8 2 8 1  
I F ( L F T ( I F ) . E Q . O )  THEN
CALL T W 0EL (A ZS1, A H , L 1 , H 1 , N 1 , A Z S 2 , B H , L 2 , H 2 , N 2 , C H , A G ( I F ) , ID X ,TE D ) 
ELSE




































GO TO 8 2 8 2
8 2 8 1  CONTINUE 
I F ( L F T ( I F ) . E Q . O )  THEN
CALL T W 0 E L ( A Z S 2 , B H , L 2 , M 2 , N 2 , A Z S l , A H , L l , m , N l , C H , A G ( I F ) , ID X ,TE D ) 
ELSE
CALL R S Q E L ( A Z S 2 ,B H ,L 2 ,H 2 ,N 2 ,A Z S 1 , A H , L 1 , M 1 , N 1 , C H , A G ( I F ) , ID X ,TE D ) 
EN D IF
8 2 8 2  CONTINUE 
U U =TED (1)
EN D IF
S U = S U + U U * A F ( I 1 , I ) * A F ( I 2 , J ) * A C T ( I , L M ) + A C T ( J , L N ) * A N K ( I , L M ) *
* ANK(J.LN)
7 2 1  CONTINUE 
EN D IF  
TV=SU
I F ( A B S ( T V ) . G T . 1 0 D + 1 9 )  THEN
W R ITE( 6 , * )  I , J , »  I T  BLOWS UP H E R E ' ,T V  
EN D IF
T E L E L P ( I F )= T V  
2 6 5 6  T C 2 V X (IF )= A U
I F ( ( I . E Q . 9 2 )  . AND. ( J . E Q . 8 2 ) )  THEN 
DO 9 9 3  IF=1,NMAX 
9 9 3  W R I T E ( 6 , * )  T E L E L P ( I F ) , T C 2 V X ( I F )
EN D IF
W R ITE( 2 5 )  TELELP 
W R ITE( 2 6 )  TC2VX 
2 6 6 6  CONTINUE 
REWIND( 2 5 )
C L 0 S E ( 2 5 )
REWIND( 2 6 )
C L 0 S E ( 2 6 )
WRITE( 6 , * )  '  F IN IS H E D  TELEL k TCVEX ’
END
123
1 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )
2 C PROGRAM 5 )
3 C )
4 C REARRANGE TWO ELECTRON INTEGRAL MATRIX )
5 C FROM T E L E L ( * , * )  TO : R O R E * ( * , * )  )
6  C CALCULATE CHARGE DENSITY F IT T IN G  MATRIX : S T U P I ( I . J )  )
7 C NOTE: )
8 C NFT : DIMENSION OF CHARGE F IT T IN G  MATRIX )
9  C MWF : DIMENSION OF WAVE FUNCTION )
10  C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )
11 I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )
12 PARAMETER (N F T = 64 ,M W F =156 ,N V 0L U = 10)
13  DIMENSION R0RE1(MW F,M WF),R 0RE2(M WF,M WF),R0RE3(MWF,M WF),
14 $  R0RE4(MWF,MWF),
15 $ R0RE5(MW F,M WF),R0RE6(M WF,MWF),R0RE7(MWF,M WF),
16 $ R0RE8(MWF,MWF),R0RE9(MWF,MWF),R0RE10(MWF,MWF)
17  DIMENSION T E L E L (N F T ) ,S T U P I ( N F T ,N F T )
18  DIMENSION A G ( N F T ) , E T A ( N F T ) , L F T ( N F T ) , X F ( N F T ) , Y F ( N F T ) ,Z F ( N F T )
19  DIMENSION Q IV (N F T .N F T ) ,Q K ( N F T )
20 COMMON/COEF/BIN( 1 0 , 1 0 ) , DBFC( 1 1 ) , P I
21 COMMON/SHEN/OOV( 5 8 0 0 )
22 COMMON/FUN/FUN( 1 0 )
23  NWFX=MWF
24 DO 1 9 8  1 = 1 , 1 0
25 DO 1 9 8  J = 1 , I
26  1 9 8  B I N ( I , J ) = F A C ( I - i ) / F A C ( J - l ) / F A C ( I - J )
2 7  D B F C ( 1 ) = 1 . ODO
28  DBFC( 3 ) = 1 . ODO
29  DBFC( 5 ) = 3 . ODO
3 0  D B F C (7 )= 1 5 .O D O
31 DBFC( 9 ) = 1 0 5 . ODO
32  D B F C ( 1 1 ) = 9 .0 D 0 * D B F C ( 9 )
3 3  P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0
3 4  O P E N (U N IT = 11 , F I L E = ' NEWFIT. DATA, LENGTH=1 6 0 0 0  > , FORM=’UNFORMATTED’ )
35  READ( 1 1 )  NMAX
3 6  R E A D ( l l )  ( A G ( I ) , 1 = 1 , NMAX)
3 7  READ( 1 1 )  ( E T A ( I ) , 1 = 1 , NMAX)
38  R E A D ( l l )  ( L F T ( I ) , 1 = 1 , NMAX)
3 9  READ( 1 1 )  ( X F ( I ) , 1 = 1 , N M A X ) , ( Y F ( I ) , 1 = 1 , N M A X ) , ( Z F ( I ) , 1 = 1 , NMAX)
40  R E W I N D ( l l )
41 C L O S E ( l l )
42  C
4 3  C
44  C




O P E N (U N IT = 2 5 , F I L E = ’TWOELEL. MATR, D IS K = 6 0  > , RECL=NRECL1 ,  
$  SYNC=’ ASYNCHRONOUS’ , FORM=’UNFORMATTED’ )

















































$ SYNC=' ASYNCHRONOUS' , FORM=*UNFORMATTED’ )












DO 6 1 0  1 = 1 , NWFX 
DO 6 1 0  J = 1 , I  
READ( 2 5 )  TELEL 
R 0 R E 1 ( I , J )= T E L E L (N R E 1 )
R 0 R E 1 ( J , I ) = R 0 R E 1 ( I , J )
R 0 R E 2 ( I , J ) = T E L E L ( N R E 2 )
R 0 R E 2 ( J , I ) = R 0 R E 2 ( I , J )
R 0 R E 3 ( I , J ) = TELEL(NRE3)
R 0 R E 3 ( J , I ) = R 0 R E 3 ( I , J )
R 0 R E 4 ( I , J )= T E L E L (N R E 4 )
R 0 R E 4 ( J , I ) = R 0 R E 4 ( I , J )
R 0 R E 5 ( I , J )= T E L E L (N R E 5 )
R 0 R E 5 ( J , I ) = R 0 R E 5 ( I , J )
R 0 R E 6 ( I , J ) = TELEL(NRE6)
R 0 R E 6 ( J , I ) = R 0 R E 6 ( I , J )
R 0 R E 7 ( I , J ) = T E L E L ( NRE7)
R 0 R E 7 ( J , I ) = R 0 R E 7 ( I , J )
R 0 R E 8 ( I , J )= T E L E L (N R E 8 )
R 0 R E 8 ( J , I ) = R 0 R E 8 ( I , J )
R 0 R E 9 ( I , J ) = TELEL(NRE9)
R 0 R E 9 ( J , I ) = R 0 R E 9 ( I , J )
R 0 R E 1 0 ( I , J ) = T E L E L ( N R E 1 0 )  
R 0 R E 1 0 ( J , I ) = R 0 R E 1 0 ( I , J )
6 1 0  CONTINUE 
REW IND(25)
DO 8 2 1  J=1,NW FX
8 2 1  W R ITE( 2 7 )  ( R 0 R E 1 ( I , J ) . 1 = 1 ,NWFX)
DO 8 2 2  J=1,N WFX
8 2 2  W R ITE ( 2 7 )  ( R 0 R E 2 ( I , J ) , 1 = 1 , NWFX)
DO 8 2 3  J=1,NWFX
8 2 3  W RITE( 2 7 )  ( R 0 R E 3 ( I , J ) , 1 = 1 , NWFX)
DO 8 2 4  J=1,N WFX
8 2 4  W RITE( 2 7 )  ( R 0 R E 4 ( I , J ) , 1 = 1 , NWFX)
DO 8 2 5  J=1,NWFX
125
95 8 2 5  W RITE( 2 7 )  ( R 0 R E 5 ( I , J ) , 1 = 1 ,NWFX)
96  DO 8 2 6  J=1,NWFX
9 7  8 2 6  W RITE( 2 7 )  ( R 0 R E 6 ( I , J ) , 1 = 1 , NWFX)
98  DO 8 2 7  J=1,NW FX
99  8 2 7  WRITE( 2 7 )  ( R O R E 7 ( I , J ) , 1 = 1 .NWFX)
100 DO 8 2 8  J=1,NW FX
101 8 2 8  W RITE( 2 7 )  ( R 0 R E 8 ( I , J ) , 1 = 1 ,NWFX)
102 DO 8 2 9  J=1,NW FX
103 8 2 9  W RITE( 2 7 )  ( R 0 R E 9 ( I , J ) , 1 = 1 , NWFX)
104 DO 8 3 0  J=1,NW FX
105 8 3 0  W RITE( 2 7 )  ( R 0 R E 1 0 ( I , J ) , 1 = 1 , NWFX)
106  8 9 9  CONTINUE
107 DO 9 1 5  1 = 1 , NWFX
1 08 DO 9 1 5  J = 1 , I
109 R E A D (25)  TELEL
110 R 0 R E 1 ( I , J ) = T E L E L ( 6 1 )
111 R 0 R E 1 ( J , I ) = R 0 R E 1 ( I , J )
112 R 0 R E 2 ( I , J ) = T E L E L ( 6 2 )
113 R 0 R E 2 ( J , I ) = R 0 R E 2 ( I , J )
114 R 0 R E 3 ( I , J ) = T E L E L ( 6 3 )
115 R 0 R E 3 ( J , I ) = R 0 R E 3 ( I , J )
116 R 0 R E 4 ( I , J ) = T E L E L ( 6 4 )
1 17  R 0 R E 4 ( J , I ) = R 0 R E 4 ( I , J )
118 9 1 5  CONTINUE
119 REW IND(25)
120 DO 9 2 1  J=1,NWFX
121 9 2 1  W R IT E (2 7 )  ( R 0 R E 1 ( I , J ) , 1 = 1 ,NWFX)
122 DO 9 2 2  J=1,NW FX
123 9 2 2  W RITE( 2 7 )  ( R 0 R E 2 ( I , J ) , 1 = 1 ,NWFX)
124 DO 9 2 3  J=1,N WFX
125 9 2 3  W RITE( 2 7 )  ( R 0 R E 3 ( I , J ) , 1 = 1 ,NWFX)
126 DO 9 2 4  J=1,NWFX
127 9 2 4  W RITE( 2 7 )  ( R 0 R E 4 ( I , J ) , 1 = 1 ,NWFX)
128 C L 0 S E ( 2 5 )
129 REW IND(27)
130 C L 0 S E ( 2 7 )
131 WRITE( 6 , * )  ’ F I N I S H  TELEL SECOND T IM E ’
132 9 4 4 9  CONTINUE
133 C
134 C ======= CALCULATE TE INTEGRAL FOR TOTAL EG
135 C
136 P I 2 5 = D S Q R T ( P I ) * P I * P I
137 DO 4 8 0  1 = 1 , NMAX
138 DO 4 8 0  J = 1 , I
139 RES=0.DO
140 A T O B = ( X F ( I ) - X F ( J ) ) * * 2 + ( Y F ( I ) - Y F ( J ) ) * * 2 + ( Z F ( I ) - Z F ( J ) ) * * 2
































































480 STUPI(J ,I)=RES 
DO 583 1=1,NMAX
OPEN(UNIT=28,FILE=’TEE.MAT’,FORM=’UNFORMATTED >)

























































c  *  * * * *  *  *  * * *  *  * * * * *  *  *  *  * *  *  * *  *  411)141 * #  *  *  *  * * *  *  * *  * * * * * * * * * * *  * * * * * * * * *  * * *  )
C PROGRAM 6 )
C )
C THIS PROGRAM CALCULATES )
C TWO ELECTRON INTEGRAL MATRIX (CLUSTER-SURROUNDING ATOMS) )
C NOTE: )
C NFT : DIMENSION OF CHARGE FITTING MATRIX FOR )
C SURROUNDING ATOMS )













DO 15 1=1,10 























































































DO 2666 1=1,NWFX 
















































































DO 2100 MB=0,M1 
DO 2100 MC=0,N1 
DO 2100 MD=0,L2 
















C DIJ-S.DIJ-P AND DIJ-DKL CASE FOR IDX=1 AND 




C JDX=1 WHEN L1=S,P OR XY-TYPE, AND L2=X*X TYPE
C IDX=3 WHEN L1=X*X L2=Y*Y, =2 WHEN ONE OF THEM=X*X FORM





IF(LL1.EQ.1.AND.LL2.EQ.2.AND.LL.Eq .2) GOTO 8281 






















































WRITE(6,*) ' FINISHED POTENTIAL MATRIX PTELEL ’
END
i  C***********************************************************
2 C PROGRAM 7  )
3 C
4 C THIS PROGRAM CALCULATES )
5 C THE "REMOVED" NUCLEUS-ELECTRON COULOMB POTENTIAL )
6 C THE "LOSED" ELECTRONS IN THE CORE REGION )
7 C OF SURROUNDDING ATOMS. )
8 C NOTE: )
9 C MWF : DIMENSION OF WAVE FUNCTION )
10 C NTP : TYPES OF ATOMS IN THE CLUSTER )
11 c NEMB : TOTAL # OF POINTS )
12 c NPPT : TOTAL # OF SURROUNDING ATOMS )
13 c 0  <= (NY*NZ-MWF) < NY )
14 c NACI AND PPXI DETERMINE THE NUMERICAL ACCURACY )
15 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )
16 I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )
17 PARAMETER (M W F = 1 5 6 ,N T P = 2 ,N Y = 1 3 ,N Z = 1 2 )
18 PARAMETER (N EM B = 5202 , NNT0T=11 8 , N H O L I = 2 5 0 0 , P = 7 . 8 7 7 1 3 7 5 D 0 / 2 . DO)
19  PARAMETER ( N P P T = 1 1 6 ,N M IN E = 1 1 7 ,N A C I = 9 3 ,P P X I= 8 .D O )
20  DIMENSION A Z Z ( 4 0 ) , A R R ( 4 0 , 3 ) , APZZ(N N TO T ), APRRCNNTOT,3 ) ,
21 $  RM (N NTOT),N P(NNTOT),NX(NNTOT)
22 DIMENSION N S P I N ( N P P T ) ,P A Z ( N P P T ) ,P A R ( N P P T ,3 )
23  DIMENSION PRA D A (N T P).N PR A D A (N TP) .D EL T(N T P)
24 DIMENSION X I ( 2 0 0 ) , W I ( 2 0 0 )
25 DIMENSION X S ( 2 0 0 ) , Y S ( 2 0 0 ) , Z S ( 2 0 0 ) , W S ( 2 0 0 ) , W 3 ( 8 )
26  DIMENSION A L (M W F ,2 0 ) ,X (M W F ),Y (M W F ) ,Z (M W F ) , N T (M W F ),A F (3 ,M W F ) ,
2 7  $  L P ( 3 , 3 , M W F ) , ANK(MWF,2 0 ) ,LYZ(M W F),NNL(M W F),ACT(M W F,20)
28  DIMENSION DRCHA(MHF,M WF),BF2(MWF,MWF),BF3(MWF,MWF),
29  $ BF5(MWF,MWF)
3 0  DIMENSION EMZ(NEMB),EMR(NEMB, 3 ) .N LED(NEM B).DEL(NEM B),
31 $ WMBS(NEMB).VOLU(NEMB),V0BF2(NEMB)
32  DIMENSION DIS(NEMB,M WF),WUW(NEMB,MWF),UAP(NHOLI,NACI,NY)
33  DIMENSION NCON(NEMB.MWF).COU(NEMB).CEU(NEMB),
34  $ VALU(NACI,M WF), VALR(NACI,MWF)
35 DIMENSION U A P Q (N H O L I,N A C I) , VALUQ(NACI), VALRQ(NACI)
36  DIMENSION X L (N H O L I.N N T O T ), Y L (N H O L I .N N T O T ) ,Z L (N H O L I ,N N T O T ) ,
3 7  $ W TL(NHOLI,NNTOT),RTL(NHO LI,NNTO T).NANU(NNTO T)
38  DATA P R A D A ( l ) / 3 . 6 2 3 4 8 3 D 0 / , P R A D A ( 2 ) / 3 . 6 2 3 4 8 3 D 0 /
3 9  DATA NPRADA( 1 ) / 7 8 / , NPRADA( 2 ) / 7 7 /
4 0  DATA D E L T ( l ) / 0 . 3 6 9 3 0 3 5 4 6 0 0 / , D E L T ( 2 ) / 1 . 1 3 0 7 8 6 2 7 6 D 0 /
41 NWFX=MWF
42 P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0
4 3  X X X = 1 .D 0 /1 8 4 0 .D O
44  P P I = D S Q R T ( P P X I ) * P + 0 . 1D0
45 ERR = P * 0 . 0 4 5 8 0 0 0 0 0 D 0
46  XIAM =DEXP(1. DO)- 1 . DO
































































C== PUT IN SLATER RADIUS & RADIAL POINTS # ==============

























R A T H 1=1.D0-RATI02**4 
IF(RYY.LE.0.95D0) RATII1=1.D0 





95  Y L (L L ,N )= R * Y S (J W )+ A P R R (N ,2 )
90  Z L ( L L ,N )= R * Z S ( J W ) + A P R R (N ,3 )
9 7  R T L ( L L ,N ) = R
9 8  W TL(LL , N)=R*R*W S( JW )* 0 . 5 D 0 * W I ( I ) * R M ( N ) + R A T I I 1
9 9  4 8  CONTINUE
100 4 9  CONTINUE
101 NANU(N)=LL
102 5 0  CONTINUE
103 W R ITE( 6 , * )  ’ TOTAL #  OF SAMPLING PO IN TS ’ ,KK
104 W RITE( 6 , * )  ’ THE #  OF INNER SAMPING PO IN TS OF EACH ATOM ’
105 DO 6 8  1 = 1 ,NPAT
106 W RITE( 6 , * )  I ,  NA N U (I)
107  6 8  CONTINUE
108 C== TEST THE SAMPLE POINTS = = = = = = = = = = = = = = = = = =
109  U 1 = 0 . DO
110 U 2 = 0 . DO
111 DO 7 7  J = 1 ,N A N U (1 )
112 7 7  U 1 = U 1 + W T L ( J ,1 )
113  DO 7 9  J = 1 ,N A N U (2 )
114 7 9  U 2 = U 2 + W T L (J ,2 )
115 W R ITE( 6 , * )  ’ AT0M1’ , U 1 , U P 1 , ’AT0M2’ ,U 2 ,U P 2
116  O P E N (U N IT = 2 0 , F I L E = *C L S . DATA, L EN G TH =15000’ , FORM=’UNFORMATTED’ )
117  R E A D (20)  NWFX
118 READ( 2 0 )  ( N T ( I ) , 1 = 1 , NWFX)
119  READ( 2 0 )  ( L Y Z ( I ) , 1 = 1 , NWFX)
120  READ( 2 0 )  ( N N L ( I ) , 1 = 1 , NWFX)
121 R E A D (20)  ( X ( I ) , 1 = 1 , N W F X ) , ( Y ( I ) , 1 = 1 , N W F X ) , ( Z ( I ) , 1 = 1 , NWFX)
122 DO 3 1 0  1 = 1 , NWFX
123 READ( 2 0 )  ( A L ( I , J ) , J = 1 , N N L ( I ) )
124 READ( 2 0 )  ( A N K ( I , J ) , J = 1 , N N L ( I ) )
125 READ( 2 0 )  ( A C T ( I , J ) , J = 1 , N N L ( I ) )
126 N B T = N T (I)
12 7  READ( 2 0 )  ( A F ( J , I ) , J = 1 ,N B T )
128 3 1 0  READ( 2 0 )  ( ( L P ( J J . I I , 1 ) , J J = 1 , 3 ) , 1 1 = 1 ,NBT)
129 REW IND(20)
130 C L 0 S E ( 2 0 )
131 C
132 C = = 0 . CALL OUT THE EMBEDDING INFORMATIONS = = = = = = = = = = = == = = = = = = = = =
133 CALL EMSIT(NEM, NET1 , N E T2, EMZ, EMR, NLED, DEL, WMBS)
134 DO 4 0 5  1 = 1 , NEM
135 W M BS(I)=XXX/(W MBS(I)+XXX)
136 I F ( E M Z ( I ) . L T . 3 . D 0 )  W M BS(I)=O.DO
137 4 0 5  CONTINUE
138 S 0 V E 1 = 0 . DO
139 S A V E 1= 0 . DO
140  DO 4 0 7  K =1,N A N U (1)
141 S0V E1=S0V E 1+W T L(K ,1)
142 4 0 7  S A V E 1 = S A V E 1 + H T L (K ,1 ) /R T L (K , 1 )
143 S 0 V E 2 = 0 .D 0
144 S A V E 2= 0 . DO
145 DO 4 0 9  K =1,N A N U (2)
146  S0VE2=S0VE2+W TL(K, 2 )
147  4 0 9  SAVE2=SAVE2+WTL( K , 2 ) / R T L ( K , 2 )
148 W R ITE( 6 . * )  S 0 V E 1 . S 0 V E 2 , '  ' ,SA V E 1,SA V E2
149  DO 4 1 5  M=1,NEM
150 VOLU(M) =S0VE1
151 V 0 B F 2(H )= S A V E 1
152 I F ( (E M Z (M ). L T . 0 . D O ) . OR. ( (EM Z (M ). G T . 3 . D O ) . AND.
153 $ ( E M Z ( M ) . L T . 1 0 . D 0 ) ) )  THEN
154 VOLU(M) =S0V E2
155 V0BF2(M)=SAVE2
156 ENDIF
157 4 1 5  CONTINUE
158 C = = l . CALCULATE THE DISTANCE D I S ( M , I )  BETWEEN B A SIS  I-EMBEDDED POINT M
159 DO 4 2 0  1 = 1 , NWFX
160 DO 4 2 0  M=1,NEM
161 4 2 0  D I S ( M , I ) = D S Q R T ( ( E M R ( M , 1 ) - X ( I ) ) * * 2 + ( E M R ( M , 2 ) - Y ( I ) ) * * 2 +
162 $ ( E M R ( M , 3 ) - Z ( I ) ) * * 2 )
163 C = = 2 . CALCULATE THE VALUE WUW(M.I) OF B A S IS  I  AT EMBEDDED PO IN T M = = = =
164 DO 4 8 0  1 = 1 , NWFX
165 Q Q =D FL O A T(L Y Z(I) )
166 DO 4 7 5  M=1,NEM
167 I F ( ( D I S ( M , I ) . L T . P P I ) . O R . ( N L E D (M ) . G E . NMINE)) THEN
168 WUW(M,I)=O.DO
169 GOTO 4 7 5
170 EN D IF
171 XM1=EMR(M,1 ) - X ( I )
172 XM2=EMR(M,2 ) - Y ( I )
173 X M 3 = E M R (M ,3 ) -Z ( I )
174 0M E A M = D IS (M ,I )* * 2
175 ACM=O.DO
176 GCM=0.DO
177 DO 4 7 0  J = 1 , N N L ( I )
178 E F A = A L ( I , J)*OMEAM
179 I F ( E F A . G T . 3 3 . DO) GOTO 4 7 0
180 SEN=0.D O
181 DO 4 6 0  K = 1 , N T ( I )
182 L 1 = L P ( 1 , K , I )
183 L 2 = L P ( 2 , K , I )
184 L 3 = L P ( 3 , K , 1 )
185 4 6 0  S E N = S E N + A F (K , I )* T R (X M 1 ,L 1 )* T R (X M 2 ,L 2 )* T R (X M 3 ,L 3 )
186 T E M P = S E N * D E X P ( - E F A ) * A C T ( I , J ) * A N K ( I , J )
187 ACM=ACM+TEMP
188 4 7 0  CONTINUE
135
189  WUW(M,I)=ACM
190  4 7 5  CONTINUE
191 4 8 0  CONTINUE
192 C = = 3 . CALCULATE THE N C O N (M ,I)  = = = = = = = = = = = == = = = = = = = = = = = = = = = = = = = = ==
193  DO 5 8 0  1 = 1 , NWFX
194 MMM=0
195 DO 5 8 0  M=1,NEM
196  N C O N (M ,I )= 0




201 5 8 0  CONTINUE
202 C = = 4 . CALCULATE THE COULOMB ENERGY COU(M) BETWEEN PO IN T M-ALL OTHER
203  DO 5 9 8  M=1,NEM
204 P U G = 0 . DO
205 P E G = 0 . DO
206 DO 5 9 6  N=1,NEM
207  I F ( ( N . E q . M ) . O R . ( E M Z ( N ) . L T . O . D O ) )  GOTO 5 9 6
208  RAD=DSQRT((EMR(N, 1 ) -EM R(M , 1 ) ) * * 2 + (EM R(N, 2 ) -EM R(M, 2 ) ) * * 2 +
209  $ ( E M R ( N , 3 ) - E M R ( M , 3 ) ) * * 2 )
210  PUG=PUG+EMZ(N)/RAD
211 PEG=PEG+EMZ(N)*WMBS(N)/RAD
212 5 9 6  CONTINUE
213 COU(M)=PUG
214 CEU(M)=PEG
215 5 9 8  CONTINUE
216  W R ITE( 6 , * )  ’ F I N I S H  THE PREPARING ’
217  C = = 5 . CALCULATE THE CORRECTION OF < U ( I ) I . . | U ( J ) >  IN  THE CORE REGION
218 DO 6 9 0  N F = 1 ,N Z
219  N Q 1 = (N F -1 )* N Y + 1
220  NQ2=NF*NY
221 I F ( N F . E Q . N Z )  NQ2=MWF
222 C==CALCULATE THE VALUE U A P (K .M M M .IJ)  OF B A S IS  I J  AT POINT K OF ATOM
223  C MMM VALU(MMM,IJ)=SUM: U A P (K ,M M M ,IJ)* W T L (K , J )
224 DO 980 IJ=Nqi,Nq2
225 N V = I J - ( N F - 1 ) * N Y
226 qq=DFLOAT(LYZ(IJ))
227  DO 9 8 0  M=1,NEM
228  I F ( N C O N ( M , I J ) . G T . O )  THEN
229  MMM=NCON(M,IJ)




234 DO 9 7 0  K = 1 ,N A N U (J )










































































DO 680 I=NQ1,NWFX 
















C==CALCULATE THE VALUE UAPQ(K.MMM) OF BASIS I AT POINT K OF ATOM 







285 G 0 0 S = 0 . DO
286 G E E S = 0 . DO
287 GAAS=0.D0
288 DO 6 4 0  K = 1 ,N A N U (J )
289 X I 1 = X L ( K , J ) - X ( I )
290 X I 2 = Y L ( K , J ) - Y ( I )
291 X X 3= Z L (K , J ) - Z ( I )
292 0 M E A I = X I1 * * 2 + X I 2 * * 2 + X I 3 * * 2
293 AIM K=0.D0
294 G IH K = 0 .D 0
295 DO 6 3 5  1 1 = 1 , N N L ( I )
296 E F A = A L ( I , I I )* O M E A I
297 I F ( E F A . G T . 3 3 . DO) GOTO 6 3 5
298 S E N = 0 . DO
299 DO 6 3 0  K K = 1 ,N T ( I )
300 L 1 = L P ( 1 ,K K , 1 )
301 L 2 = L P ( 2 , K K , I )
302 L 3 = L P ( 3 , K K , I )
303 6 3 0 S E N = S E N + A F ( K K , I ) * T R ( X I 1 , L 1 ) * T R ( X I 2 , L 2 ) * T R ( X I 3 ,
304 T E M P= S E N * D E X P(-E F A )* A C T (I , I I ) * A N K ( I , I I )
305 AIMK=AIMK+TEMP
306 6 3 5 CONTINUE
307 UAPQ(K, MMM)=AIHK
308 GOOS=GOOS+AIMK*WTL(K, J )
309 GAAS=GAAS+AIMK*WTL(K, J ) / R T L ( K , J )




314 6 4 5 CONTINUE
315 6 4 9 CONTINUE
3 16 DO 6 7 8  J=N Q 1,N Q 2
317 N V = J - ( N F - 1 ) *NY
318 D R 0P=0.DO
319 REM0=0.DO
320 G 0 0 S = 0 .D O
321 ADDS=0.DO
322 DO 6 7 5  M=1,NEM
323 C===T0 EXCLUD THE CLUSTER ATOMS = = = = = = = = = = = == = = = = = = = = = = = = = = = =
324 I F ( ( N L E D ( M ) .G E .N M I N E ) .O R . ( E M Z ( M ) .L T .O .D O ) )  GOTO 6 7 5
325 I F ( ( N C O N ( M , I ) . G T . O ) . A N D . ( N C O N ( M , J ) . G T . O ) )  THEN

























































P U R = 0 . DO
DO 6 5 0  K = 1 ,N A N U ( I I )
TEM P=UA Pq(K,M M I)*UA P(K, MMJ, NV)*WTL(K, I I )
PUD=PUD+TEMP
I F ( R T L ( K , I I ) . E Q . O . D O )  GOTO 6 5 0  




G 0 0 S = G 0 0 S + P U D * 2 . DO*COU(M)
ADDS=ADDS+PUR*2. DO*EMZ(M)*WMBS(M)+PUD*2. DO*CEU(M)
GOTO 6 7 5  
E L S E I F ( N C O N ( M , I ) . G T . O )  THEN 
MMI=NCON(M,I)
DROP=DROP+VALUq(MMI)*WUW(M,J)
REMO=REMO+VALRQ(MMI)* 2 . DO*EMZ(M)*WUW(M, J )
GOOS=GOOS+VALUq(MMI)* 2 . DO*COU(M)*WUW(M, J )
ADDS=ADDS+2. DO*WUW(M, J)*(VALRQ(MM I)*EMZ(M)*WM BS(M )+ 
VALUQ(MMI)*CEU(M))
GOTO 6 7 5  
E L S E I F ( N C O N ( H , J ) . G T . O )  THEN 
MMJ=NCON(M,J)
DROP=DROP+VALU(MMJ, J)*WUW(M, I )
REMO=REMO+VALR(MMJ, J ) * 2 . DO+EMZ(M)*WUW(M,I)
GOOS=GOOS+VALU(MMJ, J ) * 2 . DO*COU(M)*HUW(M,I)
ADDS=ADDS+2. DO*HUW(M, I ) * (VALR(M HJ, J)*EHZ(M )*W M BS(M )+
VALU(MMJ, J ) * C E U ( M ) )
GOTO 6 7 5  
ENDIF
TEMP=WUW(M, I ) *WUW(H, J )
DROP=DROP+TEMP*VOLU(M)
REM0=REM0+TEHP*2. DO*EMZ(M)* V0BF2(M)
G 00S = G 00S + TE M P *2 . DO*COU(M)*V0LU(H)
ADDS=ADDS+TEMP*2. DO*(EM Z(M)*WMBS(M)*V0BF2(M)+CEU(M )* VOLU(M)) 
CONTINUE 
DO 6 7 6  M=1,NEM
I F ( E M Z (M ) .G T .O .D O )  GOTO 6 7 6  
TEMP=WUH(M,I)*WUW(M, J)*V O LU (M )
DROP=DROP+TEMP 
G 00S = G 00S + TE M P *2 . DO*COU(M)
CONTINUE
D R C H A (I ,J )= D R O P
D R C H A (J , I )= D R O P
B F 2 ( I , J ) = R E M 0
B F 2 ( J , I ) = R E M 0
B F 3 ( I , J ) = G O O S
B F 3 ( J , I ) = G 0 0 S
139
3 7 7  B F 5 ( I , J ) = A D D S
378 B F 5 ( J , I ) = A D D S
37 9  6 7 8  CONTINUE
380 6 8 0  CONTINUE
381 6 9 0  CONTINUE
382 C = = 6 . STORE E V ER Y TH IN G ===============================================
383  O P E N (U N IT = 3 1 , F I L E = ’REMOVE. MAT, LENGTH=16 0 0 0 ’ , FORM=’UNFORMATTED’ )
384 W R IT E( 3 1 )  NWFX
38 5  DO 8 3 2  J=1,N WFX
386 W RITE( 3 1 )  ( B F 2 ( I , J ) , 1 = 1 , NWFX)
3 8 7  8 3 2  CONTINUE
388 REWIND( 3 1 )
389  C L 0 S E ( 3 1 )
390  O P E N (U N IT = 3 2 , F I L E = ’REMOVE2. MAT, LEN G TH =16000’ ,FORM=’UNFORMATTED’ )
391 W R IT E( 3 2 )  NWFX
392 DO 8 4 2  J=1,NW FX
393 W R IT E ( 3 2 )  ( B F 3 ( I , J ) , 1 = 1 , NWFX)
394  8 4 2  CONTINUE
395 REW IND(32)
396  C L 0 S E ( 3 2 )
3 9 7  O P E N (U N IT = 3 4 , F I L E = ’L O ST . MAT, LENGTH=16 0 0 0 ’ , FORM=’UNFORMATTED’ )
398  W R ITE( 3 4 )  NWFX
399 DO 8 6 2  J=1,NWFX
400  W R IT E ( 3 4 )  ( D R C H A ( I . J ) , 1 = 1 , NWFX)
401 8 6 2  CONTINUE
402 REWIND( 3 4 )
403  C L 0 S E ( 3 4 )
404  O P E N (U N IT = 4 9 , F I L E = ’REMOVE3. MAT, LENGTH=1 6 0 0 0 ’ , FORM=’UNFORMATTED’ )
405  W RITE( 4 9 )  NWFX
406  DO 8 7 2  J=1,NWFX
407 W R IT E( 4 9 )  ( B F 5 ( I , J ) , 1 = 1 , NWFX)
408  8 7 2  CONTINUE
40 9  REWIND( 4 9 )
410  C L 0 S E ( 4 9 )
411 END
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1 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2 C PROGRAM 8
3 C
4 C THE SELF-CONSISTENT ITERATIONS
5 C NOTE: )
6  C NEL : TOTAL #  OF ELECTRONS IN  THE CLUSTER )
7 C MIM=MWF : DIMENSION OF WAVE FUNCTION )
8  C MFT : DIMENTION OF CHARGE FIT T IN G (C L U S E R )  )
9  C MPFT : DIMENSION OF CHARGE F IT T IN G  MATRIX )
10 C OF SURROUNDDING ATOMS )
11 C NEMB : TOTAL #  OF PO IN TS )
12 C NPPT : TOTAL #  OF SURROUNDDING ATOMS )
13 C NMAX : THE #  OF ITERATION )
14 C NSM : THE MAXIMUM #  OF GRID POINTS )
15 C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )
16 I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )
17 PARAMETER ( M I M = 1 5 6 ,M F T = 6 4 , NSM =200000,N M AXIT=5)
18 PARAMETER (N E L = 36 ,N E M B = 5202)
19 PARAMETER (M P F T = 3 7 1 2 , N PPT=1 1 6 , N PPTT =58)
20 DIMENSION EM Z(N EM B ),E M R (N EM B ,3),N LED (N E M B ), DEL(NEM B),
21 $ WMBS(NEMB)
22 DIMENSION PRO U P(M PFT ).PR O O N (M PFT) .PTE L E (M PFT)
23 DIMENSION P R F ( M P F T , 3 ) , P A G (M P F T ) .P E T A (M P F T ) .L P F T (M P F T )
24 DIMENSION N S P I N ( N P P T ) ,P A Z ( N P P T ) ,P A R ( N P P T ,3 )
25 DIMENSION W UP(M IM ), WDN(MIM), HPO(MIM, M IM ) ,B F 1 (M IM .M IM ) ,
26 $ B F 2 (M IM , M IM ) , B F 3 (M IM , M IM ), DRCHA(MIM, MIM)
27 DIMENSION N T (M IM ) , L Y Z (M IM ) .N N L (M IM ) ,X (M IM ) , Y (M IM ),Z (M IM )
28 $ A L(M IM , 2 0 ) , ANK(MIM, 2 0 ) , ACT(MIM, 2 0 ) , A F ( 3 , M IM ),
29 $ L P ( 3 , 3 ,M I M ) , AZZ( 4 0 ) , A R R ( 4 0 , 3 )
30 DIMENSION ANUP(M IM ).ANDN(M IM ),NDG (M FT), I D G (M F T ,1 0 )
31 DIMENSION CGU P(M IM .M IM ),CGDN (M IM ,MIM), A H ( 3 ) , B H ( 3 )
32 DIMENSION RO U P(M FT ) ,R O D N (M FT ),V 1U P(M FT ) .V ID N (M FT )
33 DIMENSION D U (M F T ) ,D D (M F T ) , TELE(M FT).TCVX(M FT)
34 DIMENSION X R (N S M ,3 ) .D E N T 1 (N S M ) , DENT( NSM),SMUL(MIM,MIM)
35 DIMENSION T E E (M F T ,M F T ) , VXTE(MFT.MFT)
36 DIMENSION R F ( M F T , 3 ) , A G (M F T ) , E TA (M F T ),L F T(M F T )
37 DIMENSION VEUP(NSM).VEDN(NSM).WEUP(NSM).WEDN(NSM)
38 DIMENSION O U P(M FT ),O D N (M FT ) .R U P(M FT ) ,R D N (M FT )
39 DIMENSION WWUP(MFT).WWDN(MFT), C U P (M F T ) , CDN(MFT)
40 DIMENSION ANB (M IM ), C U S (M IM ), C P P (M IM ) , CUD(M IM),
41 $ O S (M IM ) , O P (M IM ) , O D(M IM ), CHCK(MIM)
42 DIMENSION Z l l ( 3 ) , Z 2 2 ( 3 ) , Z Z 1 1 ( 3 , 3 ) , Z Z 2 2 ( 3 , 3 )
43 DIMENSION S (M IM .M IM ) , HUP(M IM ,M IM ).H DN(M IM .M IM ),
44 $ ZUP(M IM , M IM ) , ZDN(MIM, M IM ),
45 $ CHUP(MIM, M IM ) , CHDN(MIM,MIM), DRAL(MIM, MIM)
46 DIMENSION Q ETA (M FT), QFLS(M FT, M F T ) , Q T U PI(M FT, M F T ) ,
47 $ QF(MFT,MFT)
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54 P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0
55 CALL AM SIT(NAT, NTP1 , N T P 2 , A Z Z, ARR)
56  CALL P O S IT (N P K T ,N P K K T ,N S P IN ,P A Z ,P A R )
57  CALL EM SIT(NEM , N E T 1 , N E T2, EMZ, EMR, NLED, DEL, WMBS)
58 C = = l .C H E C K  THE TOTAL ELECTRONS = = = = = = = = = = = = = = = = = = = = = = = = = = = =
59 NND=0
60  DO 2 9 7  1 = 1 , NAT
61 2 9 7  N N D = N N D + IN T (A Z Z (I) )
62 W R IT E( 6 , * )  * TOTAL #  OF ELECTRONS’ ,NEL
63  W R ITE ( 6 , * )  '  DOUBLE CHECK ’ ,NND
64  C==2.R EA D  IN  THE INFORMATION = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =
65 O P E N (U N IT = 2 0 , F I L E = ’ C L S . DATA, L EN G T H = 15000’ , FORM=’UNFORMATTED’ )
66  READ( 2 0 )  NWFX
67  R E A D (20)  ( N T ( I ) , 1 = 1 , NWFX)
68  READ( 2 0 )  ( L Y Z ( I ) , 1 = 1 ,NWFX)
69  R E A D (20)  ( N N L ( I ) , 1 = 1 , NWFX)
70 READ( 2 0 )  ( X ( I ) , 1 = 1 , NWFX), ( Y ( I ) , 1 = 1 , NWFX), ( Z ( I ) , 1 = 1 , NWFX)
71 DO 3 1 5 1  1 = 1 , NWFX
72 R E A D (20)  ( A L ( I , J ) , J = 1 , N N L ( I ) )
73 R E A D (20)  ( A N K ( I , J ) , J = 1 , N N L ( I ) )
74 READ( 2 0 )  ( A C T ( I , J ) , J = 1 , N N L ( I ) )
75 N B T = N T (I)
76 R E A D (20)  ( A F ( J . I ) , J = 1 ,N B T )
77 3 1 5 1  R E A D (20)  ( ( L P ( J J , 1 1 , 1 ) , J J = 1 , 3 ) , 1 1 = 1 ,NBT)
78 REWIND( 2 0 )
79 C L 0 S E ( 2 0 )
80  W R IT E( 6 , * )  ’ CLS MATRIX DIM IN  3RD MAIN PGM I S  ’ ,NWFX
81 O PEN (U N IT =1 1 , F I L E = ’ NEWFIT. DATA, LENGTH=1 6 0 0 0 ’ , FORM=’UNFORMATTED’ )
82 READ( 1 1 )  NMAX
83 READ( 1 1 )  ( A G ( I ) , 1 = 1 , NMAX)
84  READ( 1 1 )  ( E T A ( I ) , 1 = 1 , NMAX)
85 R E A D ( l l )  ( L F T ( I ) , 1 = 1 , NMAX)
86  READ( 1 1 )  ( R F ( I , 1 ) , 1 = 1 ,NMAX), ( R F ( I , 2 ) , 1 = 1 , NMAX)
87  $ , ( R F ( I , 3 ) , 1 = 1 , NMAX)
88  R E W I N D ( l l )
89  C L O S E ( l l )
90  O P E N (U N IT = 1 2 , F IL E = P O T F IT . DATA, FORM=’UNFORMATTED’ )
91 READ( 1 2 )  NPMAX
92 DO 2 2 2  1 = 1 , NPMAX
9 3  READ( 1 2 )  P A G ( I ) , P E T A ( I ) , L P F T ( I ) , P R F ( I , 1 ) , P R F ( I , 2 ) , P R F ( I , 3 )
























































REWIND( 1 2 )
C L 0 S E ( 1 2 )
O PEN (U N IT=1 6 , F I L E = ’PROUPDN. DATA, LENGTH=1 6 0 0 0 ' , FORM=’UNFORMATTED’ ) 
READ( 1 6 )  NPMAX 
DO 3 3 3  1 = 1 , NPMAX
R E A D (1 6 )  P R O U P ( I ) , P R O D N ( I )
CONTINUE
REW IND(16)
C L 0 S E ( 1 6 )
CONTINUE
O P E N (U N IT = 2 3 , F I L E = ’ 0 V LP. MAT * , FORM=’UNFORMATTED’ )
DO 1 1 = 1 , NWFX
READ( 2 3 )  ( S ( J , 1 ) , J=1,N W FX)
REW IND(23)
C L 0 S E ( 2 3 )
O P E N (U N IT = 2 4 , F I L E = ’T PL V . MAT’ , FORM=’UNFORMATTED’ )
DO 2 1 = 1 , NWFX
READ( 2 4 )  ( B F 1 ( J , I ) , J=1,N W FX)
REWIND( 2 4 )
C L 0 S E ( 2 4 )
O PEN (U N IT =31 , F I L E = ’REMOVE. MAT, LENGTH=16 0 0 0 ’ , FORM=’UNFORMATTED’ ) 
READ( 3 1 )  NWFX 
DO 5 3 5 4  J=1,NW FX
R E A D (31)  ( B F 2 ( I , J ) , 1 = 1 , NWFX)
REW IND(31)
C L 0 S E ( 3 1 )
O P E N (U N IT = 3 2 , F I L E = ’ REMOVE2. MAT, LENGTH=1 6 0 0 0 ’ , FORM=’UNFORMATTED’ ) 
READ( 3 2 )  NWFX 
DO 5 3 5 8  J=1,NW FX
R E A D (32)  ( B F 3 ( I , J ) , 1 = 1 , NWFX)
REW IND(32)
C L 0 S E ( 3 2 )
O P E N (U N IT = 3 4 , F I L E = ’LOST.MAT, L EN G TH =16000’ , FORM=’UNFORMATTED’ )
READ( 3 4 )  NWFX
DO 5 3 6 4  J=1,NW FX
READ( 3 4 )  ( D R C H A ( I . J ) , 1 = 1 , NWFX)
REWIND( 3 4 )
C L 0 S E ( 3 4 )
O PEN (U N IT=1 5 , F I L E = ’ ROUPDN. DATA’ , FORM=’UNFORMATTED’ )
READ( 1 5 )  NMAX
R E A D (15)  ( R O U P ( I ) , 1 = 1 , NMAX)
R E A D (15)  ( R O D N ( I ) , 1 = 1 , NMAX)
REW IND(15)
C L 0 S E ( 1 5 )
OPEN (U N IT=1 9 , F I L E = ’ VEXUPDN. DATA’ , FORM=’UNFORMATTED’ )
R E A D (19)  ( V 1 U P ( I ) , 1 = 1 , N M A X ) , ( V 1 D N ( I ) , 1 = 1 , NMAX)
REWIND(1 9 )
143
142 C L 0 S E ( 1 9 )
143 C = = 3 . GET HEW K IN E T IC  ft NUCLEI COULOMB MATRIX ==
144 DO 5 2 1 5  1 = 1 , NWFX
145 DO 5 2 1 5  J=1,N W FX
146 B F 1 ( I , J ) = B F 1 ( I , J ) + B F 2 ( I , J ) + B F 3 ( I , J )
147  5 2 1 5  CONTINUE
148 C = = 4 ,, CALCULATE THE I N I T I A L  HAMILTON H = = = = = = = = = = = = = = = = = = = =
149 O P E N (U N IT = 2 5 , F I L E = ’TWOELEL. MATR, D I S K = 6 0 ’ , RECL=NRECL1,
150 $  SYNC=’ASYNCHRONOUS' , FORM=’UNFORMATTED’ )
151 O P E N (U N IT = 2 6 , F I L E = ’ TCVEX1. MAT, D I S K = 2 0 ’ ,RECL=NRECL1,
152 $ SYNC=’ ASYNCHRONOUS’ ,FORM=’UNFORMATTED’ )
153 O P E N (U N IT = 3 0 , F I L E = ’PTWOELEL. MATR, D I S K = 4 0 ’ , RECL=NPRECL1
154 $  SYNC=’ASYNCHRONOUS’ , FORM=’UNFORMATTED’ )
155 DO 6 1 0  1 = 1 , NWFX
156 DO 6 1 0  J = 1 , I
157 READ( 2 5 )  TELE
158 READ( 2 6 )  TCVX
169 READ( 3 0 )  ( P T E L E ( I F ) , I F = 1 , 2 0 0 0 )
160 READ( 3 0 )  ( P T E L E ( I F ) , I F = 2 0 0 1 , NPMAX)
161 3 0 1 9  CONTINUE
162 CALL DOTPR( T ELE, 1 , ROUP, 1 , CC1,NMAX)
163 CALL DOTPR(TELE, 1 , RODN, 1.CC2,NMAX)
164 CALL DOTPR(TCVX, 1 , V 1U P, 1 , BUUP, NMAX)
165 CALL DOTPR(TCVX, 1 , V1DN, 1 , BUDN, NMAX)
166 CALL D O T P R (P T E L E ,1 .PR O U P, 1 ,P C C 1 , NPMAX)
167 CALL D O T P R (P T E L E ,1 .PR O D N ,1 , P C C 2 , NPMAX)
168 H P 0 ( I , J ) = P C C 1 + P C C 2
169 H P O ( J , I ) = H P 0 ( I , J )
170 H U P ( I , J )= C C 1 + C C 2 + B U U P + B F 1 ( I , J ) + H P O ( I , J )
171 H D N ( I , J ) = C C 1 + C C 2 + B U D N + B F 1 ( I , J ) + H P O ( I , J )
172 H U P ( J , I ) = H U P ( I , J )
173 H D N ( J , I ) = H D N ( I , J )
174 6 1 0 CONTINUE
175 W R IT E( 6 , * )  ’ ( H U P ( I , J ) ,  1 = 1 , N M A X ),J = I , I :D IA G O N A L  ELMS’
176 W RITE( 6 , * )  ( ( H U P ( I , J ) , J = I , I ) , 1 = 1 , NMAX)
177 O P E N (U N IT = 2 8 , F I L E = ’T E E . MAT’ , FORM='UNFORMATTED' )
178 DO 2 4 5  1 = 1 , NMAX
179 2 4 5 READ( 2 8 )  ( T E E ( I , J ) , J = 1 , N M A X )
180 REW IND(28)
181 C L 0 S E ( 2 8 )
182 O P E N (U N IT = 1 3 , F I L E = ’VXTEE. MAT’ , FORM='UNFORMATTED’ )
183 DO 2 4 6  1 = 1 , NMAX
184 2 4 6 R E A D (1 3 )  ( V X T E ( I , J ) , J=1,N MAX)
185 REWIND( 1 3 )
186 C L 0 S E ( 1 3 )
187 O P E N (U N IT = 2 1 , F I L E = ’ S P D . COMP’ , FORM=’UNFORMATTED’ )
188 R E A D (21)  ( A N B ( I ) , 1 = 1 ,NWFX)
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189 R E A D (21)  ( C U S ( I ) , 1 = 1 ,NWFX)
190  R E A D (2 1 )  ( C P P ( I ) , 1 = 1 , NWFX)
191 R E A D ( 2 i )  ( C U D ( I ) , 1 = 1 , NWFX)
192 R E A D (2 1 )  ( O S ( I ) , 1 = 1 , NWFX)
193 R E A D (2 1 )  ( O P ( I ) , 1 = 1 , NWFX)
194 R E A D (2 1 )  ( O D ( I ) , 1 = 1 , NWFX)
195 REW IND(21)
196 C L 0 S E ( 2 1 )
197 O P E N (U N I T = 1 7 ,F I L E = ’RAMPT’ ,FORM=’UNFORMATTED’ )
198 READ( 1 7 )  N TO T.N FIT .N C LU
199 DO 2 9 9 9  I = 1 , N T 0 T
200 2 9 9 9  R E A D (1 7 )  X R ( I , 1 ) , X R ( I , 2 ) , X R ( I , 3 ) . D E N T 1 ( I ) , D E N T ( I )
201 REWIND( 1 7 )
202 C L 0 S E ( 1 7 )
203 W R ITE( 6 , * )  ’ #  OF DVM SAMPLING ’ .N T O T .N F IT .N C L U
204 C = = 5 . CALCULATE THE INVERS OF MATRIX VXTEE & TEE = = = = = = =
205 CALL G M IS( VXTE, Q FLS, Q T U P I , QETA, QWDE, NMAX)
206 CALL GMIS(TEE,QF,QTUPI,Q ETA,QW DE,NM AX)
207  C== SEPERATE MATRIX S INTO qAL.QALR & DRAL, READY TO ITERATE
208 CALL T R I G L ( S , QAL, NWFX)
209 CALL G M IS( QAL, QALR, Q ES, QFORG, QDET, NWFX)
210 DO 5 3 9 7  J=1,NW FX
211 DO 5 3 9 7  1 = 1 , NWFX
212 D R A L ( I , J ) = Q A L R ( J , I )
213 5 3 9 7  CONTINUE
214 0 P E N ( 2 7 , F I L E = ’ R0RD’ , RECL=NRECL2,




219 C = = = = = = = = =  STARTS ITERATION HERE = = = = = = = = = = = == = = = = = = =
220  C
221 3 5 0  CONTINUE
222  CALL UGESEL( HUP,QAL.qES,NW FX)
223 CALL UGESEL(qA L R,qE S,H U P,N W FX )
224 CALL EIGNMY(DRAL, HUP, ZUP, WUP)
225 CALL UGESEL(HDN,QAL,qES,N WFX)
226 CALL UGESEL(qALR,qES,HDN,NW FX)
227  CALL EIGNMY(DRAL, HDN,ZDN,WDN)
228 CALL EIGNMX(WUP, WDN, NEL, NWFX, NUPMX.NDNMX, ANUP, ANDN, CHCK)
229 C== CHARGE DENSITY MATRIX:CHUP & CHDN = = = = = = = = = = = == = = =
230 DO 2 0 0  1 = 1 , NWFX
231 DO 2 0 0  J = 1 , I
232 CC1=0.DO
233 C C 2 = 0 .D 0
234 DO 2 0 1  K=l,NUPMX
235 2 0 1  C C 1 = C C 1 + Z U P ( I ,K ) * Z U P ( J ,K )* A N U P ( K )
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236 DO 2 0 2  K=1,NDNMX
237 2 0 2 C C 2 = C C 2 + Z D N (I ,K )* Z D N (J ,K )* A N D N (K )
238 C H U P ( I , J ) = C C 1
239 C H U P ( J , I ) = C C 1
240 C H D N ( I , J ) = C C 2
241 C H D N ( J , I ) = C C 2
242 2 0 0 CONTINUE
243 C== CALCULATE CONVERGENCE FACTOR = = = = = = = = = = = == = = = = = = = =
244 C C 1=0.D O
245 CC 2=0.D O
246 CCC=O.DO
247 C K1=0.D O
248 C K 2 = 0 .D 0
249 T C 1 = 0 .D 0
250 T C 2 = 0 .D O
251 EKNU=O.DO
252 DO 3 4 0  1 = 1 , NWFX
253 DO 3 4 0  J=1,NW FX
254 EKNU=EKN U+BF1(I, J ) * ( C H U P ( I , J ) + C H D N ( I , J ) ) * 0 . 5D0
255 T C 1 = T C 1 + C H U P ( I , J ) * S ( I , J )
256 T C 2 = T C 2 + C H D N (I , J ) * S ( I , J )
257 C C 1= C C 1+ C H U P (I , J ) * D R C H A ( I , J )
258 C C 2=C C 2+C H D N (I , J ) * D R C H A ( I , J )
259 C K 1 = C K 1 + (C H U P (I , J ) - C G U P ( I , J ) ) * * 2
260 3 4 0 C K 2= C K 2+ (C H D N (I , J ) - C G D N ( I , J ) ) * * 2
261 CK1=DSQRT( CK1 ) /FLOAT(NWFX)
262 CK2=DSQRT(CK2)/FLOAT(NWFX)
263 DO 3 3 0  1 = 1 , NWFX
264 DO 3 3 0  J=1,NW FX
265 C G U P ( I , J ) = C H U P ( I , J )
266 3 3 0 C G D N ( I , J ) = C H D N ( I , J )
267 W R ITE( 6 , * )  > INTEGRATED TOTAL CH U P = ’ , T C I ,  ’ DN=’
268 W RITE( 6 , * )  > TOTAL LOSED CHARGE ’ , C C 1 ,C C 2 .C C 1+ C C 2
269 C—  CHARGE F IT T IN G  C O E FFIC IE N TS: ----------------------------------------
270 E E P P = 0 .D 0
271 DO 3 0 0  L=1,NMAX
272 C U P (L )= 0 .D O
273 C D N (L )= 0 .D O
274 DO 3 6 0  J=1,NW FX
275 3 6 0 R E A D (27)  ( H D N ( I , J ) , 1 = 1 , NWFX)
276 DO 3 8 4  1 = 1 , NWFX
277 DO 3 8 4  J=1,NW FX
278 C U P ( L ) = C U P ( L )+ H D N ( I , J ) * C H U P ( I , J ) * 0 . 5D0
279 C D N (L )= C D N (L )+ H D N (I , J ) * C H D N ( I , J ) * 0 . 5D0
280 3 8 4 E E P P = E E P P + H D N (I , J ) * ( C H U P ( I , J ) + C H D N ( I , J ) ) * (ROUP(L)
281 $ R O D N (L))












XVWN‘T=I 223 oa f-S9A 
(DNao*viv+(i)HaoH*(viv-oa- T)=(i)Nao,a 0 2s
(i)dno*vav+(i)dnoy*(vav-oa‘t)=(i)dnoH
XVWH‘X=I 023 oa 




(x v w h * x=i‘ (i)nao) (snavaa
(XVWM‘l=l'(I)dnO) (9I)aV33 
XVWH (9T)aV3H





xvwH‘x=r 2ts oa 




(f)via*(r * 1)db *(1)via+2ib=2ib
(D HOD*(f‘I)3b*(X)V13+£3b=£3b 
(r)dno*(r‘1)3b*(i)via+xib=X3b
xvwH'x=r 0X9 oa 








=========== 33d03d H3H10 H0H3 X AH 1H3H333I0 =310H ==0



















































330 C==HERE WE CAN CONTROL THE SPIN DIRECTION OF SURROUNDING ATOMS==
331 DO 2739 I=1,NPPTT
332 KIN=2*I-1











344 DO 2743 I=1,MPFT
345 PPCN=PROUP(I)*PETA(I)+PPCN
346 2743 PPCM=PRODN(I)*PETA(I)+PPCM
347 WRITE(6,*) 'FITTED EACH POTENTIAL CHARGE,UP ft DN*,PCN,PCM,PCMCN
348 WRITE(6,*) 'REFITTED TOTAL POTENTIAL CHARGE,UP ft DN ’,PPCN,PPCM
349 C== EVALUATE EXCHANGE POTENTIAL AT EVERY DVM PTS











































































































3411 WRITE(6,*) ’ FINISH VEX(R),THE NUMERICAL CHARGE’,TIEP,TIEN 
WRITE(6,*) ’ THE EX-CO ENERGY IN CORE REGION’.EXCUP.EXCDN 
















426 631 RDN(L)=RDN(L)+VEDN(J)*B1* DENT(J)

















444 DO 310 1=1,NWFX






























475 C== TOTAL ENERGY CALCULATION =========
476 ESL=0.DO
477 DO 590 1=1,NMAX






484 WRITE(6,*) ’ SL ENERGY’,ESL,’ OLD’.ESO,’ COREC’.ECL
485 CC1=0.DO
486 CC2=0.D0
487 DO 2570 1=1,NMAX




492 WRITE(6,*) ’ WEXC’.WEXC,’ WEXCP’.WEXCP,’ WEXCPP’.WEXCPP,
493 $ CC1.CC2
494 EE1=0.DO
495 DO 405 1=1,NUPMX
496 405 EE1=EE1+WUP(I)*ANUP(I)
497 EE2=0.DO
498 DO 406 I=1,NDNMX
499 406 EE2=EE2+WDN(I)*ANDN(I)
500 EEMB=O.DO
501 DO 472 1=1,NWFX
502 DO 472 J=1,NWFX
503 472 EEMB=HPO(I,J)*(CHUP(I,J)+CHDN(I,J))+EEMB
504 ETNEW=0.5D0*(EE1+EE2)+EKNU+EWXC




509 WRITE(6,*) ’ELECTRON POTENTIAL ENERGY’,EEMB
510 WRITE(6,*) ’EIGENVALUES’,EE1,EE2,’LOWEST’,WUP(1),WDN(1)
511 WRITE(6,*) ’ T-ENERGY’,ETT,’ ERROR’,ETSH,ANUP(NUPMX).ANDN(NDNMX)
512 WRITE(6,*) ’CONVERGENCE FACTOR’,CK1,CK2,’# OF ITER’,LTER,Cl,C2
513 IF(ABS(ETSH).LT.1.00D-8.AND.LTER.GT.10) GOTO 355
514 IF(LTER.LT.NMAXIT) GOTO 350
5 1 5  c======= ENDS ITERATION HERE ====================================
516 355 CONTINUE
517 DO 7901 K=NUPMX+1,30
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518 7901 ANUP(K)=1.D0
519 DO 7911 K=NDNMX+1,30
520 7911 ANDN(K)=1.DO
521 WRITE(6,*) ’ UP OQ ’
522 WRITE(6,*) (ANUP(I),1=1.NUPMX)



























550 DO 941 1=1,NWFX
551 WRITE(36) (ZUP(I,J),J=1,NWFX)





557 WRITE(6,*) ’ UP SPIN BAND POPULATION ANALYSICS ’
558 WRITE(6,*) ’ *** WAVE FUNCTION INFORMATION *** ’
559 WRITE(6,185)
560 185 F0RMAT(3X,’I ENERGY’,12X,’NIS’,5X,’NIP’,5X,’NID’,5X,’OS ’,5X,
561 F ’OP ’,5X,’0D ’)
562 C== PRODUCE MULLIKAN POP ANALYUSIS, SPIN UP =========
563 DO 5010 N=1,80
564 DO 5010 1=1,NWFX
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565 SUM=0.DO
566 DO 5012 J=1,NWFX
567 5012 SUM=SUM+ZUP(I,N)*ZUP(J,N)*S(I,J)
568 5010 SMUL(I,N)=SUM






















591 100 WRITE(6,186) I ,WUP(I),ZXX4,ZXX5,ZXX6,ZXX7,ZXX8,ZXX9








600 C== PRODUCE MULLIKAN POP ANALYSIS, SPIN DOWN =======
601 DO 5910 N=1,80
602 DO 5910 1=1,NWFX
603 SUM=0.DO
604 DO 5912 J=1,NWFX
605 5912 SUM=SUM+ZDN(I,N)*ZDN(J,N)*S(I,J)
606 5910 SMUL(I,N)=SUM






















































9100 WRITE(6,186) I ,WDN(I),ZXX4,ZXX5,ZXX6,ZXX7,ZXX8,ZXX9 
186 FORMAT!IX,13,1X.D15.9 ,2X,6 (IX,F7.4))
WRITE(6,*) ’ Oq DN BAND: NIS’.SCUS,’ NIP’.SCUP,’ NID’.SCUD 


























C 1 CALCILATE THE COMBINATION ft BOUBLE-FACTORIALS
C ENDOF Cl
C NOW DO THE SUMMATION 
DO 10 11=0,L 
DO 10 12=0,M 










IF(CD( 2 ) .EQ.0 .DO) JMIN=JMAX 
IF(CD(3).Eq.O.DO) KMIN=KMAX 
SUM=0.DO
DO 20 I=IMIN,IMAX 
CD1=1.DO 
1111 = 11 - 2*1
IF(IIIl.NE.O) CD1=CD(1)**III1 
CX=DBFC(2*1+1)*BIN(I1+1,2*1+1)*CD1 



















Q * * * * *  *  * * * * * * * * * * * * * * * *  #  * * * *  #  *  *  *  * * * * * * * *  *  * *  *  *  *  *  * * *  «fr * *  *
c
SUBROUTINE ASFIT(NNNN)
C THIS SUBROUTINE ASSIGNS THE CHARGE FITTING BASIS FOR A CLUSTER 











C==THE FOLLOWING FILE CONTAINS THE FITTING BASIS============
OPEN(UNIT=9,FILE=IBMJOB.FORTRA(CGFTBS),FORM=> FORMATTED’)





WRITE(6,*) ’FITTING INFO: ’
WRITE(6,*) ’ATOM:’,J,’# OF S EXP’,NFS(J),’ # OF R2 EXP’,NFR(J) 
55 CONTINUE
C== CALL OUT ATOM AND FITTING LOCATIONS ==================
CALL AMSIT(NA,N1,N2,AZ,AK)
C== REASSIGN EVERTHING FOR FITTING ==================
C
K=0



















WRITE(6,*) ’ DIMENSION OF THE FITTING MATRIX ’,NMAX 













C== CALL OUT POTENTIAL ATOM LOCATIONS =================
CALL POSIT(NPKT,NPKKT,NSPIN,PAZ,PAR)
K=0


















































C========== READ IN BASIS INFORMATION (FOR W/F) ==================
OPEN(UNIT=10,FILE=’:HOSTCHAR:PHZHEN.IBMJOB.FORTRA(BASIS),AC=R’)
1 FORMAT(A2,IX,12,12,12,12,12)
2 F0RMAT(1X,’ATOM:’,A2,’, # OF S EXP = ’,12,’; P EXP = ’,12,
$ ’; D EXP = ’,12,’; F FXP=’,I2,’ Z=’,I2)
C====READ IN S,P,D,F EXPONENTS— EXP(J,I): S J=l; P J=2; D J=3; F J=4






GO TO 90 
ENDIF

















C=== CALL OUT CLUSTER ATOM LOCATIONS=================
CALL AMSIT(NAT,NTP1,NTP2,AZZ,ARR)
C=== THESE ARE IDENTIFIER FOR ORBITAL TYPES 










































CALL IDKBC(PI ,LL,M,NT1, AF1 ,LP1)
NT(KK)=NT1 
DO 51 11=1,NT1 
AF(II,KK)=AF1(II)














RENORMALIZE BASES IN THE CONTRACTION BASIS CASE 






























C=== STORE THE BASIS SET =========================================










































































C== CALL OUT THE CLUSTER AND SURROUNDING ATOMS =========
CALL AMSIT(NAT,NTP1,NTP2,AZZ,ARR)
CALL POSIT(NPKT,NPKKT.NSPIN,PAZ.PAR)
C== UP1 AND UP2 ARE THE ATOMICAL CORE VOLUMES =========
UP1=4.D0*PI*(DELT(1)**3)/3.D0
UP2=4.D0*PI*(DELT(2)**3)/3.D0 
























C== GENERATE POINS INSIDE AND NEAR THE CLUSTER ======
KK=0
KB=0












































































































C== GENERATE MORE POINTS FAR AWAY FROM THE CLUSTER ========
DO 64 IX=-19,19 
DO 64 JY=-19,19 
DO 64 KZ=-19,29
IF((ABS(IX).LE.15).AND.(ABS(JY),LE.15).AND.















$ ((ABS(IX).E q . 1 9 ).AND.(KZ.Eq. 29)).OR.
$ ((ABS(JY). E q . 1 9 ) .AND.(KZ. E q . - 1 9 ) ) .OR.










C==THE FOLLOW NUMBER 117 AND 118 ARE THE CLUSTER ATOMS == 
DO 63 M=IEM1,NPAT
IF((M.Eq.117).OR.(M.Eq.118)) GOTO 63 
NUV=NX(M)






































WRITE(6,*) ’ TOTAL # OF SAMPLING POINTS ’,NTOT,NFIT,NCLU 
OPEN(UNIT=17,FILE=> RAMPT',FORM=’UNFORMATTED’)
WRITE(17) NTOT,NFIT,NCLU 












DO 898 1=1,NAT 
DO 898 J=1,NANUC(I)
898 WRITE(39) XLC(J.I),YLC(J,I),ZLC(J,I),WTLC(J,I),RTLC(J,I) 
REWIND(39)
CL0SE(39)










DO 3905 1=1,NTOT 
3905 U4=U4+WT2(I)




C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
SUBROUTINE BLLMN(L ,M ,N ,CD,GM1,GM2,ALF,RES)











C DO THE SUMMATION
DO 10 11=0,L 
DO 10 12=0,M 




















































































DO 20 I=NUPMX,NUPMX+NDGUP-1 
20 ANUP(I)=1./FLOAT(NDGUP)







C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c








DO 1000 J=1,MIM 



















ELSE IF (N.LE.NTOP) THEN 
FAC=A(N+1)
ELSE IF (N.LE.32) THEN 
































C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
SUBROUTINE GAULEG(N,X1,X2,X,H)
C RETURNS HEIGHT AND ROOT FOR GAUSS-LEGENDRE QUADRATURE
171
C FROM NUMERICAL RECIPES — PAGE 125 
C IF FIND THE UNDERFLOATING, REDUCE THE ’EPS’
IMPLICIT REAL*8(A-H,0-Z)
PARAMETER ( E P S = 3 . D - 1 0 )








P l = l . D O  
P 2 = 0 . D 0




P i = ( ( 2 . D 0 * q q - i . D 0 ) * z * P 2 - ( q q - i . D 0 ) * P 3 ) / q q
I I  CONTINUE 
P P = T T * ( Z * P 1 - P 2 ) / ( Z * Z - 1 . D O )
Z1=Z
Z=Z1-P1/PP 












C L IS ACTUAL DIMENSION OF MATRIX, LMAX IS MAXIMUM DIMENSION 




DO 1 N=1,L 
DO 1 M=1,L 
1 C(N,M)=O.ODO 
DO 5 N=1,L 
DO 5 M=1,L 
q=A(N,M)
DO 2  J = 1 , L









DO 6 N=1,L 
DO 6 M=1,L
6 B(N,M)=O.ODO 




DO 109 M=1,L 
q=D(M)






















R=D E X P(-T V )
FUNC(21)=0.ODO 

















C * * * + * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
SUBROUTINE IDKBC(PI,L,M,NT,AF,LP)
C IT WILL IDENTIFY THE KUBIC HARMONICS(SPECIFIED
C BY (L,M)— SEE TABLE 1 OF BNDPKG) INTO >NT> TERMS
C OF (X**LP(1,I))*(Y+*(LP(2,I))*(Z**LP(3,1)) TYPE FUNC.
C WHERE AF(NT) IS THE COEF. ON EACH FUNCTION
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION AF(3),LP(3,3)










































DO 3 1=1,3 
LP(I,1)=1
RETURN 



































































C RETURNS THE MATRIX ELEMENTS
C <L1,M1,N1 I -DEL**2 |L2,M2,N2>





I F C L 2 . E Q . 1 )  GO TO 1
I F ( L 2 . L T . 2 )  GO TO 1
CALL OVERLP( A L 1 , A , L 1 ,  M l , N1 ,  A L 2 , B , L 2 - 2 , M2, N 2 , EES )
T l= R E S * D F L O A T (L 2 )* D F L 0 A T (L 2 -1 )
1 CONTINUE 
I F ( M 2 . E Q . l )  GO TO 2 
I F C M 2 . L T . 2 )  GO TO 2
CALL OVERLP(AL1, A , L I , M i , N 1 , A L 2 , B , L 2 , M 2 - 2 , N 2 , RES)
T2=R ES*D FL0A T ( M 2 )*DFLOAT( M 2 - 1 )
2 CONTINUE 
I F ( N 2 . E Q . l )  GO TO 3 
I F ( N 2 . L T . 2 )  GO TO 3
CALL OVERLP( A L 1 , A , L I , M i , N 1 , A L 2 , B , L 2 , M 2 , N 2 - 2 , RES)
T 3 = R E S * D F L 0 A T (N 2 )* D F L 0 A T (N 2 -1)
3 CONTINUE
CALL OVERLPCALl, A , L 1 , M 1 , N 1 , A L 2 , B , L 2 , M 2 , N 2 , R E S )
T 4 =  ( ( 2 . O D O * D F L O A T (L 2 )+ l . ODO)+ ( 2 . 0 D 0 * D F L 0 A T (M 2 )+ 1 . ODO)
1 + ( 2 . 0D 0 * D F L 0 A T (N 2 )+ 1 . ODO)) * ( - 2 . 0D 0*A L2)*R ES 
CALL O V E R L P C A L l , A , L I , M l , N i , A L 2 , B , L 2 + 2 , M 2 ,N 2 .R E S 1 )
CALL OVERLP( A L 1 , A , L I , M l , N1 , A L 2 , B , L 2 , M 2+ 2 , N 2 , RES2)
CALL OVERLP(AL1, A , L I , M l , N1 , A L 2 , B , L 2 , M 2 , N 2 + 2 , RES3)
T 5 = (R E S 1 + R E S 2 + R E S 3 )* (  4 . 0D0*A L 2*A L2)






SUBROUTINE NUCAT( AEX, AA, L 1 , M l , N1 , B E X ,B B . L 2 , M 2 , N 2 , Y I , ID X , ATTR) 
I M P L I C I T  R E A L * 8 (A - H ,O - Z )
DIMENSION A A ( 3 ) , B B ( 3 ) , P P ( 3 ) , P D ( 1 , 3 ) , P D D ( 1 ) , D D ( 3 ) , Y I ( 3 )  
ft , S U M D ( 1 6 ) , G D ( 1 6 ) . S B D C 1 6 ) , Z D ( 3 ) , D L T ( 3 , 3 ) , N 1 D ( 3 ) , N 2 D ( 3 )  
ft , T A U C l, 3 )
COMMON/FUN/F( 1 0 )
C NUCLEAR ATTRACTION INTEGRAL
C 2 . ODO* FOR RYD. UNIT I S  INCLUDED
P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0  
P I 4 = 4 . ODO*PI 





DO 1 9 6 3  1 = 1 , 3  
1 9 6 3  T A U ( 1 , I ) = Y I ( I )
N 1 D ( 1 )= 1  
N 2 D ( 1 )= 1
177
ZD ( 1 ) =-DFLOAT(NZAT1)
Z D (2 )= -D F L 0 A T (N Z A T 2 )
ZD ( 3 ) =-DFLOAT(NZAT2)
C DELTA FN. DEFN.
DO 11 1 = 1 , 3  
DO 11 J = 1 , 3  
11 D L T ( I , J ) = O . O D O  
D L T ( 1 , 1 )= 1 .O D O  
D L T ( 2 , 2 ) = 1 . 0 D 0  
D L T ( 3 ,3 ) = 1 .O D O  
C A AND B ONLY DEPENDENT PART
S1=AEX+BEX 
R S 1 2 = 0 . 5 D 0 /S 1  
AE X2=2.0D0*AEX 





DO BO 1 = 1 , 3
A B L = A B L + ( B B ( I ) - A A ( I ) ) * ( B B ( I ) - A A ( I ) ) 
P P I= A E X * A A (I )+ B E X * B B (I )
P P ( I ) = P P I / S 1  
5 0  CONTINUE
EXPN=AEX*BEX*ABL/S1 
I F ( E X P N . G T . 7 B . 0 )  RETURN 
TOO=DEXP(-EXPN)
S N 0 R M = P I4 /S 1  
DO 6 0  N=1,NATM 
DO 6 2  1 = 1 , 3  
6 2  D D ( I ) = T A U ( N , I )
P D L = 0 . ODO
DO 6 4  1 = 1 , 3
P D ( N , I ) = P P ( I ) - D D ( I )
PDL=PD L+PD (N , I )  *PD ( N , I )
6 4  CONTINUE 
PD D(N)=PDL 




I F C L H N 1 .E Q .2 )  GO TO 2 0 0 0  
C S - S ,  P - S ,  AND P - P  CASE
I F ( L M N 1 . E Q . 0 . AND. LMN2. E Q . 0 )  GO TO 1 0 0  
IF (L M N 1 . E Q . 1 . AND. LHN2. E Q . 0 )  GO TO 2 0 0  
I F C L H N 1 .E Q .1 . A N D .L M N 2.E Q .1 )  GO TO 3 0 0  
C D I J - S . D I J - P  AND D IJ -D K L  CASE FOR IDX=1 AND
C DII-S, DII-P, DIJ-DKK CASE ( DXI-DKK WHEN IDX=3 
2000 CONTINUE
IF(LMN2.EQ.O) GO TO 400 
IF(LMN2.EQ.l) GO TO 500 













































































DO 330 N=NAT1,NAT2 
TV=S1*PDD(N)
IFCTV.LT.1.0) CALL ICGFN(TV) 




G I 0 0 = H I * F ( 2 )
GJ00=HJ*F(2)
G I J 0 = H I * H J * F ( 3 )
IF(JV.EQ.IV) GIJ0=GIJ0-DSR*F(2)
SB 1=SB 1+G 000
SB2=SB2+GI00
180
S B 3 = S B 3 + G J0 0  
S B 4 = S B 4 + G IJ 0  








C DIJ-S CASE ,DII-S CASE
400 CONTINUE
IF(IDX.EQ.2) GO TO 410 
IF(Ll.EQ.O) GO TO 402 
IF(Ml.Eq.O) GO TO 404 
IF(Nl.EQ.O) GO TO 406 
402 IV=2 
JV=3
GO TO 408 
404 IV=1 
JV=3
GO TO 408 
406 IV=1 
JV=2
GO TO 408 



























































IF(IDX.EQ.2) GO TO 510 
IF(Ll.Eq.O) GO TO 502 
IF(Ml.EQ.O) GO TO 504 
IF(Nl.Eq.O) GO TO 506 
502 IV=2 
JV=3
GO TO 508 
504 IV=1 
JV=3
GO TO 5 0 8  
5 0 6  IV = 1
182
JV=2
GO TO 508 




























DO 512 1=1,8 
512 SUMD(I)=O.ODO 




DO 522 iq=l,8 
522 SBD(iq)=O.ODO

















GD ( 8 ) = H I* H J* H K * F ( 4 ) -DSR*F( 3 ) *FF 










IF(IDX.Eq.l) GO TO 5 5 1  
TIJ=TIJ+T00/AEX2 
TIJK=TIJK+T0K/AEX2 




C DIJ-DKL(IDX=1), DII-DKL(IDX=2), DII=DKK(IDX=3) CASES 
600 CONTINUE
I F ( I D X . N E . l )  GO TO 6 2 0
IF(Ll.Eq.O) GO TO 602
IF(Ml.Eq.O) GO TO 604










IF(L2.Eq.0) GO TO 612
IF(M2.Eq.O) GO TO 614







GO TO 640 
616 KV=1 
LV=2
GO TO 640 






IF(IDX.EP.3) GO TO 630 
IF(L2.EQ.O) GO TO 622 
IF(M2.Eq.0) GO TO 624 
IF(N2.EQ.O) GO TO 626 
622 KV=2 
LV=3
GO TO 640 
624 KV=1 
LV=3
GO TO 640 
626 KV=1 
LV=2



















































DO 652 1=1,16 
652 SUMD(I)=0.ODO 




DO 662 iq=l,16 
662 SBD(IQ)=0.ODO































































ft +TIJK * SUMD(B)+TIJL*SUMD(4)+TIKL*SUMD(3)+TJKL* SUMD(2) 
ft +TIJKL+SUMD(1))
RETURN 























DO 100 IA=0,IL 
DO 100 IB=0,IM 
DO 100 IC=0,IN 
DO 100 ID=0,IQ 
DO 100 IE=0,IS 











SUBROUTINE OVERLP(AL1,A ,L 1,Ml,N1,AL2,B ,L2,M2,N2,RES)
188
C THIS IS A GENERAL OVERLAP SUBROUTINE





























DO 2 1=1,Lll 








IF(SUMl.EQ.O.O) GO TO 5 
SUM2=0.0D0
DO 3 1=1,Mil 


























* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c






C ===== 2.ODO IS MULTIPLIED IN ADDITION !!========
C TWO-EL INTEGRAL PARTS OF D-TYPE GAUSSIANS






DO 1963 1=1,3 
TAU(1,I)=YI(I)
DO 1963 J=1,3 
DLT(I,J)=O.DO 

























C NEGATIVE SIGN IS FOR THE INITIAL DER. SIGN
sN0RM=-Pi4*sq*sq*sq
DO 60 N=1,NATM 












IF(LMN1.EQ.2) GO TO 2000 
C S-S, P-S, AND P-P CASE
IF(LMN1.EQ.O.AND.LMN2.EQ.0) GO TO 100 
IF(LMN1.EQ.1.AND.LMN2.EQ.0) GO TO 200 
IFCLMN1.EQ.1.AND.LMN2.EQ.1) GO TO 300 
C DIJ-S.DIJ-P AND DIJ-DKL CASE FOR IDX=1 AND 
C DII-S, DII-P, DIJ-DKK CASE ( DII-DKK WHEN IDX=3 
2000 CONTINUE
IF(LMN2.EQ.O) GO TO 400 
IFCLHN2.EQ.1) GO TO 500 
IF(LHN2.EQ.2) GO TO 600 
PRINT 918 
918 FORMAT(2X,’LMN ERROR OCCURRED’)
C
C S-S CASE 
100 CONTINUE


















IF(TV.LT.1.0) CALL ICGFN(TV) 







DO 124 IT=1,NOSH 
NGB=KRR(IT)




















































DO 224 IT=i,NOSH 
NGB=KRR(IT)


















































IF(TV.LT.l.O) CALL ICGFN(TV) 
































DO 324 IT=1,NOSH 
NGB=KRR(IT)








C DIJ-S CASE .DII-S CASE
CONTINUE
IF(IDX.EQ.2) GO TO 410
IF(Ll.Eq.O) GO TO 402
IF(Ml.EQ.O) GO TO 404





















































IF(TV.LT.1.0) CALL ICGFN(TV) 


































DO 424 I.T=1 ,NOSH 
NGB=KRR(IT)













IF(IDX.EQ.2'1 GO TC1 510
IF(Ll.EQ.O) GO TO 502
IF(Ml.Eq.O) GO TO 504


































































































IF(IDX.Eq.l) GO TO 5 5 1  
TIJ=TIJ+T00/AEX2 
TIJK=TIJK+T0K/AEX2 
5 5 1  CONTINUE 
ITN=0
DO 564 IT=1,NOSH 
NGB=KRR(IT)










C DIJ-DKL(IDX=1), DII-DKL(IDX=2), DII=DKK(IDX=3) CASES 
6 0 0  CONTINUE
IF(IDX.NE.l) GO TO 620 
IF(Ll.EQ.O) GO TO 602 
IF(Ml.EQ.O) GO TO 604 
IF(Nl.Eq.O) GO TO 606 
602 IV=2 
JV=3
GO TO 6 0 8  
6 0 4  IV=1 
JV=3




IF(L2.EQ.0) GO TO 612 
IF(M2.EQ.O) GO TO 614 
IF(N2.EQ.0) GO TO 616 
612 KV=2 
LV=3
GO TO 640 
614 KV=1 
LV=3




C DII-DKL OR DII-DKK CASE 
6 2 0  CONTINUE
IF(L1 . E Q . 2 )  IV=1 
IF(M1 .E Q .2) IV=2 
IF(N1 .E Q .2) IV=3 
JV=IV
IF(IDX.EQ.3) GO TO 630 
IF(L2.EQ.O) GO TO 622 
IF(M2.EQ.O) GO TO 624 
IF(N2.EQ.O) GO TO 626 
622 KV=2 
LV=3




























































N A T 2= N 2D (IT )
NGB=KRR(IT)












DO 6 6 2  I Q = 1 , 1 6  
YBD(iq)=O.ODO 




IF(TV.LT.l.O) CALL ICGFN(TV) 









YD( l )=q*F(2 )
Al=BU*F(2)+q*F(3)
G D ( 2 ) = H I * F ( 2 )
G D ( 3 ) = H J * F ( 2 )




































































DO 694 IT=1,NOSH 
NGB=KRR(IT)
DO 692 IB=1,NGB 
JJ=IB+ITN
T E L D ( J J ) = S N O R M * ( T O O * T ( I T , I B , 1 6 ) + T I 0 * T ( I T , I B , 1 5 ) + T J 0 * T ( I T , I B , 1 4 )  
& + T O K * T ( I T , I B , 1 3 ) + T 0 L * T ( I T , I B , 1 2 ) + T I J * T ( I T , I B , 1 1 )  
ft + T I K * T ( I T , I B , 1 0 ) + T I L * T ( I T , I B , 9 ) + T J K * T ( I T , I B , 8 )
ft + T J L * T ( I T , I B , 7 ) + T K L * T ( I T , I B , 6 ) + T I J K * T ( I T , I B , 5) 
ft + T I J L * T ( I T , I B , 4 ) + T I K L * T ( I T , I B , 3 ) + T J K L * T ( I T , I B , 2 )























































DO 18 1=1,2 
DO 18 J=1,2 






DO 20 1=1,2 
DO 20 J=l,2 






DO 22 1=1,2 
DO 22 J=1,2 






DO 24 1=1,2 
DO 24 J=1,2 






DO 26 1=1,2 
DO 26 J=1,2 






DO 27 1=1,2 
DO 27 J=1,2 






DO 28 1=1,2 
DO 28 J=l,2 






DO 30 1=1,2 







DO 3 1  1 = 1 , 2  






DO 32 1=1,2 





3 2  CONTINUE 
DO 3 3  1 = 1 , 2  






DO 3 4  1 = 1 , 2  






DO 3 5  1 = 1 , 2  





















I Z l = I L + i q
IZ2=IM+IS




DO 100 IA=0,IL 
DO 100 XB=0,IM 
DO 100 IC=0,IN 
DO 100 ID=0,IQ 
DO 100 IE=0,IS 










C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
FUNCTION T R ( X , L )
IMPLICIT REAL*8(A-H,0-Z)
IF(X.EQ.O.O) GO TO 1 
IF(L.EQ.O) GO TO 2 
TR=1.ODO 
DO 10 1=1,L 
10 TR=TR*X 
GO TO 3








C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
209
SUBROUTINE TRC0P(AL1,A.Li,M1,N1,AL2,B,L2,M2,N2,AL3,C,L3,M3,N3,RS) 
C THIS IS A GENERAL THREE CENTER OVERLAP SUBROUTINE
































DO 2 1=0,LI 
DO 2 J=0,L2 









iF(sum.Eq.o.o) go to b
SUM2=0.ODO 
DO 3 1=0,Ml 
DO 3 J=0,M2 









IF(SUM2.Eq.0.0) GO TO 5





I J 2 = I J / 2
IJP=IJ2*2















C== TRIAG0NALIZE A REAL SYMETRICAL PD-MATRIX B INTO AL 
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION B(N,N),AL(N,N)
DO 11 J=1,N 







DO 10 1=2, N
AL(I,1)=B(I,1)/AL(1,1)
IF(I.GT.2) THEN 























C = = = = = = = = = = = == = =  WARNING ! !  2 . ODO I S  MULTIPLIED TO MAKE I T
C RYD. U N IT .  BEWARE OF T H IS  ADDED FACTOR==========
C TWO-EL INTEGRAL PARTS FOR S -T Y P E  GAUSSIANS
C LABEL 1 = 0 -T H  SHELL(CENTER ATOM), 2 FOR 1 - S T  SHELL
C P I 4  HAS 2 . ODO* FACTOR FOR RYD. U N IT  OF COUL-POT.
C I F  CENTER ATOM I S  NOT NEEDED, ( 1 , N 0 S H ) = >  ( 2 , NOSH) CHANGE
NATM=1
N0SH=1
K S S ( l ) = i
NSS=10
N 1 D ( 1 ) = 1
N 2 D ( 1 )= 1
DO 1 9 6 3  1 = 1 , 3
T A U ( 1 , I ) = Y I ( I )
DO 1 9 6 3  J = 1 , 3  
D L T ( I , J ) = 0 . D O  
1 9 6 3  D L T ( I , I ) = 1 . D O  
D E X ( 1 , 1)=ZHA 
P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0  
P I 4 = 4 . 0 D 0 * P I  
T E S T 1 = 4 5 .0 D 0
212














P P ( I ) = P P I / S 1  






DO 60 N=1,NATH 












IF(LMN1.Eq.2) GO TO 2000 
C S - S ,  P - S ,  AND P - P  CASE
IF(LMN1.Eq.0 .AND.LMN2.Eq.0) GO TO 100 
IF(LHN1.Eq.1.AND.LMN2.Eq.0) GO TO 200 
IF(LMNl.Eq.l.AND.LMN2.Eq.1) GO TO 300 
C DIJ-S.DIJ-P AND DIJ-DKL CASE FOR IDX=1 AND 
C DII-S, DII-P, DIJ-DKK CASE ( DII-DKK WHEN IDX=3 ) 
2000 CONTINUE
I F ( L M N 2 . E q . O )  GO TO 400 
I F ( L M N 2 . E q . 1) GO TO 500 
I F ( L M N 2 . E q . 2 )  GO TO 600 




DO 1 2 0  IT = 1 ,N O S H
NAT1=N1D(XT)
N A T 2=N 2D (IT )
N G B = K S S(IT)
DO 1 2 0  IB = 1 ,N G B  
D E = D E X ( I T , I B )
S4=S1+D E
S 1 4 = S 1 / S 4
DEDE=DE*DE
T F= S 1 4 * D E
DH0RM=DSQRT(S14/DEDE)
SUMB=0. 0
DO 1 3 0  N=NAT1,NAT2 
TV=TF*PDD(N)
I F ( T V . L T . l . O )  CALL IC G FN (TV ) 
I F ( T V . G E . l . O )  CALL F S H A V (T V ,2 )  
SUMB=SUMB+F( 1 )
1 3 0  CONTINUE
T ( I T , I B , 1 ) =DNORM*SUMB 
1 2 0  CONTINUE 
IT N = 0
DO 1 2 4  IT = 1 ,N O S H  
N G B = K S S(IT)
DO 1 2 2  IB = 1 ,N G B  
J J = I B + I T N  
1 2 2  TELD( J J ) = S N 0 R M * T 0 0 * T ( I T , I B , 1 )
1 2 4  ITN=ITN+NGB 
RETURN
C P - S  CASE
2 0 0  CONTINUE
I F ( L l . E q . l )  IV = 1
I F ( M l . E q . l )  IV = 2
I F ( N l . E q . l )  IV = 3
F I O = - ( A A ( I V ) - B B ( I V ) ) *BEXS1
TIO=FIO*TOO
DO 2 2 0  IT = 1 ,N O S H
N A T 1=N 1D (IT )
N A T 2=N 2D (IT )
N G B =K SS(IT)
DO 2 2 0  IB = 1 ,N G B  
D E = D E X ( I T , I B )
S4=S1+D E
S 1 4 = S 1 / S 4
DEDE=DE*DE
D S 4 = - D E /S 4

















DO 224 IT=1,NOSH 
NGB=KSS(IT)
DO 222 IB=1,NGB 
JJ=IB+ITN
2 2 2  TELD(J J ) =SNORM*(TIO*T(IT,IB,1)+TOO*T(IT,IB,2 ) ) 























DO 3 2 0  IB = 1 ,N G B  
D E = D E X ( I T , I B )
S4=S1+D E
S 1 4 = S 1 / S 4
DEDE=DE*DE




SB 1 = 0 . 0  
S B 2 = 0 . 0  
S B 3 = 0 . 0  
S B 4 = 0 . 0
DO 3 3 0  N=NAT1,NAT2 
TV=TF*PDD(N)
I F ( T V . L T . 1 . 0 )  CALL IC G FN (TV )
I F ( T V . G E . l . O )  CALL F S H A V (T V ,3 )
H I = D S 4 * P D (N , I V )
H J = D S 4 * P D (N ,J V )
G 0 0 0 = F ( 1 )
G I 0 0 = H I * F ( 2 )
G J 0 0 = H J * F ( 2 )
G I J 0 = H I * H J * F ( 3 )
I F ( J V . E Q . I V )  G I J 0 = G I J 0 + D S R * F ( 2 )
SB 1=SB 1+G 000 
S B 2 = S B 2 + G I0 0  
SB 3= S B 3+ G J00  
S B 4 = S B 4 + G IJ0  
3 3 0  CONTINUE
T C IT .IB ,1 )= D N 0 R M * S B 1  
T ( I T , I B , 2 ) =DN0RM*SB2 
T ( I T , I B , 3 ) =DN0RM*SB3 
T ( I T , I B , 4 ) =DN0RH*SB4 
3 2 0  CONTINUE 
IT N = 0
DO 3 2 4  IT = 1 ,N O S H  
N G B =K SS(IT)
DO 3 2 2  IB = 1 ,N G B  
J J = I B + I T N
T E L D ( J J ) = S N 0 R M * ( T 0 0 * T ( I T , I B , 4 ) + T I 0 * T ( I T , I B , 3 ) + T 0 J * T ( I T , I B , 2 )  
& + T I J * T ( I T , I B , 1 ) )
3 2 2  CONTINUE 
3 2 4  ITN=ITN+NGB 
RETURN
C D I J - S  CASE , D I I - S  CASE
4 0 0  CONTINUE
IF(IDX.Eq.2) GO TO 410 
IF(Ll.Eq.O) GO TO 402 
IF(Ml.Eq.O) GO TO 404 




GO TO 408 
404 IV=1 
JV=3
GO TO 408 
406 IV=1 
JV=2
GO TO 408 
410 IF(L1.EQ.2) IV=1 
































DO 430 N=NAT1,NAT2 
TV=TF*PDD(N)
IF(TV.LT.l.O) CALL ICGFN(TV) 






















DO 424 IT=1,N0SH 
NGB=KSS(IT)







C DIJ-P CASE ,DII-P CASE
500 CONTINUE
IF(L2.EQ.1) KV=1 
IF (M2 .EC). 1) KV=2 
IF(N2.EQ.l) KV=3 
IF(IDX.EQ.2) GO TO 510 
IF(Ll.EQ.O) GO TO 502 
IF(Ml.Eq.O) GO TO 504 
IF(Nl.Eq.O) GO TO 506 
502 IV=2 
JV=3
GO TO 508 
504 IV=1 
JV=3
GO TO 508 
506 IV=1 
JV=2









































DO 522 iq=l,8 
522 SBD(iq)=O.ODO


















DO B24 IQ=1,8 
S B D ( i q ) = S B D ( i q ) + G D ( i q )
524 CONTINUE 
530 CONTINUE











DO 564 IT=1,NOSH 
NGB=KSS(IT)








C DIJ-DKL(IDX=1), DII-DKL(IDX=2), DII=DKK(IDX=3) CASES
600 CONTINUE
IF(IDX.NE.l) GO TO 620 
IF(Ll.Eq.O) GO TO 602 
IF(Ml.Eq.O) GO TO 604 
IF(Nl.Eq.O) GO TO 606 
602 IV=2 
JV=3








IF(L2.EQ.O) GO TO 612
IF(M2.EQ.O) GO TO 614
IF(N2.EQ.O) GO TO 616
612 KV=2 
LV=3
GO TO 640 
614 KV=1 
LV=3
GO TO 640 
616 KV=1 
LV=2
GO TO 640 






IFCIDX.EQ.3) GO TO 630 
IF(L2.EQ.0) GO TO 622 
IF(M2.EQ.0) GO TO 624 
IF(N2.EQ.O) GO TO 626 
622 KV=2 
LV=3
GO TO 640 
624 KV=1 
LV=3
GO TO 640 
626 KV=1 
LV=2

































































DO 662 iq=l,16 
662 SBD(iq)=O.ODO






























































DO 694 IT=1,NOSH 
NGB=KSS(IT)


















DO 25 1=1,N 
DO 25 J=1,N 
GOOS=O.DO 







C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
SUBROUTINE VBH(UP,DN,DENS,EXPA,EXUP,EXDN,WP,WD)


























































DO 10 1=1,MFT 


















WRITE(6,*) ’ # OF ORBITALS FOR DIFFUSED VEX-FIT’.NDF 




c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
SUBROUTINE VEX0P(AL1,A,LI,M1,N1,AL2,B,L2,M2,N2,AL3,C ,IDX,RS) 
C THIS IS A SPECIAL THREE CENTER OVERLAP SUBROUTINE
C USED FOR THE CALCULATION OF EXCHANGE CORRELATION
MATRIX ELEMENTS 
I M P L IC IT  R E A L * 8 (A - H ,0 ~ Z )
COMMON/COEF/BIN( 1 0 , 1 0 ) , DBFC( 1 1 ) , P I  
DIMENSION A ( 3 ) , B ( 3 ) , C ( 3 )
I F ( I D X . E Q . l )  THEN
CALL T R C O P(A L1, A , L 1 , M 1 , N 1 , A L 2 , B , L 2 , M 2 , N 2 , A L 3 , C , 2  
CALL T R C O P(A L1, A , L 1 , M 1 , N 1 , A L 2 , B , L 2 , M 2 , N 2 , A L 3 , C , 0  




CALL TR C O P (A L 1 , A , L 1 , M 1 , N 1 , A L 2 , B , L 2 , M 2 , N 2 , A L 3 , C , 0  
RETURN 
ENDIF
0 , 0 , Rl)  
2 , 0 , R 2 )  
0 , 2 , R 3 )
0 , 0 , RS)
227
In p u t E x a m p le
c )
C THE FOLLOWING ARE INPUT PART OF THE PROGRAM )
C THEY NEED TO BE CHANGED FOR DIFFERENT CLUSTERS )
C AND DIFFERENT EMBEDDING CASES )
C )
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )
C * * * * « * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )  
C T H IS  I S  THE F I L E  (ATOMFB) : I N I T I A L  DENSITY )
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * )  









+0.00032 0.00246 0.01254 0.04926 0.14950 0.32640 0.40474 
+0.19186 0.01424-0.00202 0.00055-0.00026 0.00006-0.00003 
-0.00010-0.00075-0.00390-0.01545-0.05074-0.12516-0.22667 
-0.10857 0.53777 0.58487 0.05238-0.00882 0.00208-0.00095 
+0.00004 0.00028 0.00145 0.00584 0.01903 0.04894 0.08897 
+0.05288-0.32851-0.47968 0.69074 0.57828 0.01104-0.00306 
-0.00001-0.00006-0.00030-0.00119-0.00387-0.01006-0.01815 
-0.01135 0.07191 0.10720-0.19234-0.28551 0.57380 0.56054 




0.02706 0.14598 0.36418 0.46438 0.33310 







+0.00022 0.00166 0.00883 0.03709 0.12461 0.31273 0.44215 
+0.21576 0.01301-0.00210 0.00083
-0.00005-0.00037-0.00203-0.00848-0.03056-0.08224-0.16815 
-0.10624 0.38278 0.56596 0.19932
228
+0.00427 0.03042 0.11711 0.26835 0.37030 0.33110 0.14047
































































































0 .1 7 3 9 8 0
1.0000
1
0 . 0 8 8 3 1 5
1.0000
1
0 . 0 4 4 8 3 0
1.0000
1
0 . 0 2 2 7 5 6
1.0000
1
0 . 0 1 1 5 5 1
1.0000 
0  1 1 1 3  1 0  8 
7
1 0 5 3 7 4 . 9 5 0 0
3 1 5 . 9 7 8 7 5
0 . 0 0 0 1 4 3
0 . 0 9 2 5 9 0
1
1 7 . 3 9 5 5 9 6
1 . 0 0 0 0
7 . 4 3 8 3 0 9
1 . 0 0 0 0
3 . 2 2 2 8 6 2
1 .0 0 00
1 . 2 5 3 8 7 7
1 .0 0 0 0
0 . 4 9 5 1 5 5
1.0000
0 . 1 9 1 6 6 5
1.0000
0 . 0 9 0 4 3 5
1.0000
0 . 0 4 2 6 7 1
1.0000
1 5 6 7 9 . 2 4 0 0
1 1 1 . 6 5 4 2 8
0 . 0 0 1 1 2 3
0 . 2 8 1 7 4 9
3 5 3 4 . 5 4 4 7
4 2 . 6 9 9 4 5 1
0 . 0 0 5 9 8 0
0 . 6 7 7 1 6 4
0 . 0 2 0 1 3 4
9 8 7 . 3 6 5 1 6

































C THIS IS THE FILE (CGFTBS): FITTING BASIS )
















C IT SPECIFIES THE POSITION AND CHARGE OF EACH POINT CHARGE
C NEMB,NEM,MN : THE TOTAL #  OF POINTS
C NET1 : #  OF POINTS OF TYPE 1 — >NI
C NET2 : #  OF POINTS OF TYPE 2 — >0
C E M Z ( I )  : THE CHARGE OF EACH POINT
C E M R ( I . J )  : THE PO S IT IO N  OF EACH POINT
C N L E D (I )  : THE ATOM-# OF POINT I
C D E L ( I )  : THE CUT OFF RADIUS OF ATOM I
C WMBS(I)  : THE MASS OF ATOM I
0= = = = = = = = = = = = = = = = = = = = = = = = = = = * = = = = = = = = = = = = = = = = = = = = = = = = = = = =
I M P L I C I T  R E A L * 8 ( A - H ,0 - Z )
PARAMETER ( R l = 7 . 8 7 7 1 3 7 5 D 0 , R 2 = 7 . 8 7 7 1 3 7 5 D 0 , R 3 = 7 . 8 7 7 1 3 7 5 D 0 )  
PARAMETER (T H E T A = 90 . D O ,A F 1 = 9 0 . O D O ,A F 2 = 9 0 . ODO)
PARAMETER (N EM B =5202 , CHARGE=2. OOODO, NC=3, NY=8)
PARAMETER (D E L T 1 = 0 . 3 6 9 3 0 3 5 4 6 D 0 , D E L T 2 = 1 . 0 6 9 7 2 0 7 4 7 D 0 )
DIMENSION EMZ(NEMB),EMR(NEMB, 3 ) .NLED(NEM B), DEL(NEMB).WMBS(NEMB)
P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 D 0













DO 30 K=-NC,NC+1 
DO 30 J=-NC,NC 








EMR(MN,2)=DFLOAT(J ) *P 
EMR(MN,3)=DFLOAT(K)*P
RIJK=DFLOAT(I)**2+DFL0AT(J)**2+DFL0AT(K)**2 






DO 44 K=-NY,NY+1 


















































C== FIND THE POINT WHERE THERE IS AN ATOM.





























































































C== GIVE THE ATOM-# 






















































































































C THE ATOMS IN THE CLUSTER 
NLED(172)=117 
NLED(221)=118 
























WRITE(6,*) ’TOTAL NEGATIVE CHARGE OF OUTERMOST SHELL’,OUTNEGA 
WRITE(6,*) ’TOTAL POSITIVE CHARGE OF OUTERMOST SHELL’.OUTPOSI 





C IT SPECIFIES THE POSITION AND CHARGE OF CLUSTER ATOM
c N THE TOTAL # OF ATOMS
c N1 THE # OF ATOMS OF TYPE 1— >NI
c N2 THE # OF ATOMS OF TYPE 2— >0
c A(I) THE CHARGE OF ATOM I











DO 10 1=1,N 
A(I)=28.D0
IF(I.GT.Nl) A(I)=8.DO 












THE TOTAL # OF EMBEDDING ATOMS 
THE CHARGE OF ATOM I 
THE POSITION OF ATOM I 










C== GIVE THE CHARGE 
DO 10 1=1,NPKT 
PAZ(I)=28.D0 
DO 10 J=1,3 
PAR(I,J)=0.DO 
10 CONTINUE
DO 15 1=1,NPPTT 
PAZ(2*I)=8.DO 
15 CONTINUE 































PAR(19,1) =  C
PAR(19,2) =  C

















PAR(26,3) = C 
PAR(27,1) = C 
PAR(27,2) = C 
PAR(27,3) = 2.D0*C 
PAR(28,1) = C 
PAR(28,2) = C 
PAR(28,3) =-C 
PAR(29,1) =-C 
PAR(29,2) = C 
PAR(29,3) = 2.DO*C 
PAR(30,1) =-C 








PAR(33,1) = C 
PAR(33,2) =-C 
PAR(33,3) = 2.DO*C 




PAR(36,3) = 3.D0+C 
PAR(37,1) = 2.DO*C 
PAR(38,1) = 2.D0+C 
PAR(38,3) = C 
PAR(39,2) = 2.DO*C 
PAR(40,2) = 2.DO*C 
PAR(40,3) = C 
PAR(41,1) =-2.D0*C 
PAR(42,1) =-2.D0*C 
PAR(42,3) = C 
PAR(43,2) =-2.DO*C 
PAR(44,2) =-2.D0*C 
PAR(44,3) = C 
PAR(45,1) = 2.DO*C 
PAR(45,3) = 2.D0*C 
PAR(46,1) = 2.DO*C 
PAR(46,3) =-C 
PAR(47,2) = 2.DO*C 








PAR(51,3) = 2.D0*C 
PAR(52,2) =-2.D0*C 
PAR(52,3) =-C 
PAR(53,1) = 2.DO*C 
PAR(53,2) =-C 
PAR(53,3) = C 
PAR(S4.1) = 2.D0*C 
PAR(54,2) =-C 
PAR(B5,1) = 2.D0+C 
PAR(BB,2) = C 
PAR(BB,3) = C 
PAR(B6,1) = 2 ,DO*C 
PAR(B6,2) = C 
PAR(67,1) = C 
PAR(B7,2) = 2.D0*C 
PAR(B7,3) = C 
PAR(B8,1) = C 
PAR(B8,2) = 2.DO*C 
PAR(B9,1) =-C 
PAR(B9,2) = 2.D0*C 
PAR(B9,3) = C 
PAR(60,1) =-C 
PAR(60,2) = 2.DO*C 
PAR(61,1) =-2.DO*C 
PAR(61,2) = C 
PAR(61,3) = C 
PAR(62,1) =-2.D0*C 
PAR(62,2) = C 
PAR(63,1) =-2.D0*C 
PAR(63,2) =-C 
PAR(63,3) = C 
PAR(64,i) =-2.D0*C 
PAR(64,2) = - C  
PAR(6B,1) = - C  
PAR(6B,2) =-2.D0*C 
PAR(6B,3) = C 
PAR(66,1) =-C 
PAR(66,2) =-2.D0*C 






























































PAR(90,3) = 2.D0*C 
PAR(91,1) = C 
PAR(91,2) =-2.D0*C 
PAR(91,3) =-C 
PAR(92,1) = C 
PAR(92,2) =-2.D0*C 
PAR(92,3) = 2.DO*C 
PAR(93,1) = C 
PAR(93,2) =-C 
PAR(93,3) =-2.D0*C 
PAR(94,1) = C 
PAR(94,2) =-C 
PAR(94,3) = 3.DO*C 
PAR(95,1) = C 
PAR(95,2) = C 
PAR(95,3) =-2.D0*C 
PAR(96,1) = C 
PAR(96,2) = C 
PAR(96,3) = 3.DO*C 
PAR(97,1) =-C 
PAR(97,2) = C 
PAR(97,3) =-2.D0*C 
PAR(98,1) =-C 
PAR(98,2) = C 







PAR(lOl.l) = 2.DO*C 
PAR(101,2) = 2.DO*C 



































C== GIVE THE SPIN DIRECTION 
DO 25 1=1,NPKT 
25 NSPIN(I)=0 
C THE FOLLOWING ATOMS HAVE OPPESITE SPIN DIRECTION 




































E x a m p le  O u tp u t
NOTE: A) THE OUTPUTS FROM PROGRAM 1 , 2 , 3 . 4 . 5 . 6  AND 7 HAVE BEEN OMITTED. 
B) THE EIGENVALUES AND MULLIKEN POPULATIONS OF 25 ORBITALS HAVE 
BEEN SHOWN HERE, OTHER HAVE BEEN OMITTED.
THE EMBED SIZE IS NC = 3
EMBEDED POINT CHARGE INFORMATION , TOTAL # = 5202
TOTAL NEGATIVE CHARGE OF OUTERMOST SHELL -752.000000000000000 
TOTAL POSITIVE CHARGE OF OUTERMOST SHELL 752.000000000000000 
MADELUNG CANSTANT OF THIS EMBEDDING POINT CHARGE IS 
-1.74756539717038772 
TOTAL # OF ELECTRONS 36
DOUBLE CHECK 36
CLS MATRIX DIM IN 3RD MAIN PGM IS












■35.0201618657820291 -35.0134978716773162 -19.3797407795760250 -19.3797407795761387 -19.3644532464838335  











































Integrated t o t a l  ch up= i s . 9999999999992824  dn= 16. 9999999999993392
TOTAL LOSED CHARGE 0 . 862089176378601522E-03 0.342926771758145959E-03 0 . 120501594813674748E-02
FITTED EACH POTENTIAL CHARGE,UP & DN 18.9917588393517320 16.9932937900506253 35.9850526294023574
REFITTED TOTAL POTENTIAL CHARGE,UP & DN 1049.56192140053457 1037.57113110472733
FINISH VEX(R).THE NUMERICAL CHARGE 18.9250033918801570 16.9495785239675811
THE EX-CO ENERGY IN CORE REGION-O. 421901596963737853E-03 0 . 875179611963544561E-05
SL ENERGY 1527.71281386254606 OLD 1501.73090729107292 COREC 25.9819065714731323
WEXC-44.6495149526405974 WEXCP-44.6742196355584156 WEXCPP-44.6495148215910156 -22.9228225345065191
-21.7266922870844965
EWXC= -47.4096191967571237 EWXCP= -47.4152949243852788 NEW ETOT= -12135.5917208993787
ELECTRON POTENTIAL ENERGY 17674.6080923908257
EIGENVALUES -914.675192282029911 -913.004265921378931 LOWEST -595.738319516304102 -595.737067090020730 
T-ENERGY -12148.0468033087263 ERROR -12148.0468033087263 1.00000000000000000 1.00000000000000000
CONVERGENCE FACTOR 0 .630294441926349397E-01 0 .592438415989455687E-01 #OF ITER 1 0 . 000000000000000000E+00 
0.000000000000000000E+00
248
INTEGRATED TOTAL CH UP= 18.9999999999993570 DN= 16.9999999999994387
TOTAL LOSED CHARGE 0.663787277097631671E-03 0 . 747506691517734400E-03 0 . 141129396861536607E-02
FITTED EACH POTENTIAL CHARGE.UP & DN 18.9938128407804570 16.9949672759220221 35.9887801167024790
REFITTED TOTAL POTENTIAL CHARGE.UP & DN 1049.67116007897704 1037.67808668982326
FINISH VEX(R).THE NUMERICAL CHARGE 18.9203659527064438 16.9442410097936893
THE EX-CO ENERGY IN CORE REGION-0.429260952493990683E-03 - 0 .452706232809341289E-03 
SL ENERGY 1405.09663314636089 OLD 1470.01092630397028 COREC -64.9142931576093929
WEXC-44.2044831929197599 WEXCP-43.2147024921004466 WEXCPP-44.2044830570848468 -22.7376129837719994
-21.4668700733128475
EWXC= -46.9464622966884058 EWXCP= -45.9133603231317480 NEW ETOT= -12045.1897418263479
ELECTRON POTENTIAL ENERGY 17679.0961176127112
EIGENVALUES -905.725420119070691 -904.996938201187675 LOWEST -594.424634812283330 -594.423812029883038  
T-ENERGY -12011.1625670800549 ERROR 136.884236228671398 1.00000000000000000 0.500000000000000000
CONVERGENCE FACTOR 0 . 628752257731944181E-01 0 . 765851882566409153E-01 //OF ITER 2 0 . OOOOOOOOOOOOOOOOOOE+OO 
0.000000000000000000E+00
INTEGRATED TOTAL CH UP= 18.9999999999993143 DN= 16.9999999999994316
TOTAL LOSED CHARGE 0 . 348768494877382134E-03 0 . 220782903797040359E-03 0 .569551398674422477E-03
FITTED EACH POTENTIAL CHARGE.UP & DN 18.9950492484931139 16.9959702338840906 35.9910194823772045
REFITTED TOTAL POTENTIAL CHARGE.UP & DN 1049.73680203275524 1037.74232794509811
FINISH VEX(R).THE NUMERICAL CHARGE 18.9193927232961308 16.9392555522118364
THE EX-CO ENERGY IN CORE REGION-O. 373038717923422115E-03 - 0 . 339088203323883802E-03 
SL ENERGY 1523.29346781787382 OLD 1483.49711969727969 COREC 39.7963481205941321
WEXC-44.3466179410393480 WEXCP-44.7828198804155342 WEXCPP-44.3466178149932233 -22.7841611550013035
-21.5624566599919198
EWXC= -47.0930189798378684 EWXCP= -47.5427727257636619 NEW ETOT= -12138.7810495524909
ELECTRON POTENTIAL ENERGY 17679.4283176961217
EIGENVALUES -921.748937665456538 -919.234215492934311 LOWEST -596.074371843659435 -596.073512516451160  
T-ENERGY -12159.6441618832860 ERROR -148.481594803231019 1.00000000000000000 0.500000000000000000
CONVERGENCE FACTOR 0 . 591445060444094227E-01 0 . 804225362853637216E-01 //OF ITER 3 0 . 000000000000000000E+00 
0 . 000000000000000000E+00
INTEGRATED TOTAL CH UP= 18.9999999999993285 DN= 16.9999999999994387
TOTAL LOSED CHARGE 0 . 274030038885524931E-03 0 . 257740064902543310E-03 0 .531770103788068240E-03
FITTED EACH POTENTIAL CHARGE.UP & DN 18.9960460512396772 16.9967826380988605 35.9928286893385376
REFITTED TOTAL POTENTIAL CHARGE.UP & DN 1049.78982223021137 1037.79424175136609
FINISH VEX(R).THE NUMERICAL CHARGE 18.9185229410900639 16.9391358181135914
THE EX-CO ENERGY IN CORE REGION-O. 329868088841135600E-03 - 0 . 328471539015664019E-03 
SL ENERGY 1469.78367724100445 OLD 1480.08226360367019 COREC -10.2985863626657306
WEXC-44.2960736287184460 WEXCP-44.1435536028010951 WEXCPP-44.2960732787406037 -22.7884400030285619
-21.5076332757120419
EWXC= -47.0407477855856584 EWXCP= -46.8865012728549146 NEW ETOT= -12098.7765412623858
ELECTRON POTENTIAL ENERGY 17682.3666010360139
EIGENVALUES -914.341569479381860 -912.707083598577810 LOWEST -595.221368770553909 -595.220617320809765 
T-ENERGY -12093.7195572082519 ERROR 65.9246046750340611 1.00000000000000000 1.00000000000000000
CONVERGENCE FACTOR 0 . 706852457244304573E-02 0 . 607091100185159008E-02 //OF ITER 4 0 . OOOOOOOOOOOOOOOOOOE+OO 
0 . 000000000000000000E+00
INTEGRATED TOTAL CH UP= 18.9999999999993427 DN= 16.9999999999994316















WAVE FUNCTION INFORMATION 
NIS NIP NID 
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FITTED EACH POTENTIAL CHARGE.UP & DN 18.9964426559846800 16.9971039572730902 35.9935466132577702
REFITTED TOTAL POTENTIAL CHARGE.UP & DN 1049.81086788057786 1037.81483568830419
FINISH VEX(R).THE NUMERICAL CHARGE 18.9182541633035797 16.9389875638104606
THE EX-CO ENERGY IN CORE REGION-O. 314497461331861229E-03 - 0 . 324138840270387469E-03 
SL ENERGY 1473.48238032365128 OLD 1479.34994404718964 COREC -5.86756372353835332
WEXC-44.2846998359498585 WEXCP-44.2062802727637099 WEXCPP-44.2846996527199508 -22.7955355343473691
-21.4891641183725817
EWXC= -47.0288275081763523 EWXCP= -46.9507378165867735 NEW ETOT= -12103.0337435428964
ELECTRON POTENTIAL ENERGY 17682.5987915273590
EIGENVALUES -915.738119385621189 -913.858361639344082 LOWEST -595.439239570442908 -595.438431206703569  
T-ENERGY -12100.0935572763456 ERROR -6.37400006809366459 1.00000000000000000 1.00000000000000000
CONVERGENCE FACTOR 0 . 166525950591203941E-02 0 . 147836064907527168E-02 it OF ITER 5 0 . OOOOOOOOOOOOOOOOOOE+OO 
0 . OOOOOOOOOOOOOOOOOOE+OO 
UP OQ 













2 - . 702511162D+02
3 - . 614163082D+02
4 - . 614163082D+02
5 - . 614146276D+02
6 - . 372914907D+02
7 - .  761446742D+01
8 - . 492028635D+01
9 - . 492028635D+01
10 - .489440217D+01
11 - .  177989915D+01
12 - .812740599D+00
13 - .745422826D+00
14 - . 745422826D+00
15 - .451541376D+00
16 - . 424123331D+00
17 - . 424123331D+00
18 - .411870592D+00
19 - .364442588D+00









































































0 . 0 0 0 1
0 . 0 0 0 1



















0 . 0 0 0 0
0 . 0 0 0 0
0 . 00 0 0
0 . 0 0 0 0
0 . 0 0 0 2
0 . 00 0 0
0 . 0 0 0 1
0 . 00 0 1
0 . 0 0 0 0
0 . 00 0 2
0 . 00 0 2
0 . 0 0 0 0
0.0004
- 0 . 0 0 0 2
0 . 0 0 0 1
250
22 0 . 634863423D+00 0.0000 0.0053 -0.0015 0.0000 0.9962 0.0000
23 0 . 634863423D+00 0.0000 0.0053 -0.0015 0.0000 0.9962 0.0000
24 0 . 902882809D+00 0.6006 0.0365 0.0168 0.1088 0.2279 0.0093
25 0 . 139492230D+01 0.5327 0.7300 0.0528 -0.1544 -0.1761 0.0150
SUM ON BAND
3.05285601383241412 6.00055261908089910 4.97066938980528361 
2.01480035570598770 2.95987960362020330 0 . 124201795463675261E-02
1 - .  595438431D+03 1.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 - .  701876389D+02 1.0005 0.0000 0.0000 -0.0003 -0.0002 0.0000
3 - . 613681192D+02 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
4 - . 613681192D+02 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
5 - . 613664764D+02 0.0000 1.0000 0.0000 0.0000 0.0000 0.0000
6 - . 372795293D+02 0.0000 0.0000 0.0000 1.0000 0.0000 0.0000
7 - . 749754981D+01 1.0027 0.0001 0.0000 -0.0019 -0.0009 0.0000
8 - .480629654D+01 0.0000 0.9999 0.0000 0.0000 0.0001 0.0000
9 - .480629654D+01 0.0000 0.9999 0.0000 0.0000 0.0001 0.0000
10 - .477970456D+01 0.0001 0.9994 0.0000 0.0004 0.0001 0.0000
11 - . 174873213D+01 -0.0086 -0.0094 -0.0020 1.0107 0.0092 0.0002
12 - . 781909468D+00 0.0510 0.0089 0.0097 0.0027 0.9277 0.0000
13 - . 716675739D+00 0.0000 0.0000 0.0095 0.0000 0.9904 0.0001
14 - . 716675739D+00 0.0000 0.0000 0.0095 0.0000 0.9904 0.0001
15 - . 350296442D+00 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
16 - . 322955298D+00 0.0000 0.0001 0.9850 0.0000 0.0147 0.0002
17 - . 322955298D+00 0.0000 0.0001 0.9850 0.0000 0.0147 0.0002
18 - . 306383885D+00 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000
19 - .259735684D+00 0.0085 0.0004 0.9704 0.0066 0.0136 0.0005
20 0 . 190905626D+00 0.0115 -0.0318 -0.0209 0.9906 0.0508 -0.0002
21 0.470019682D+00 0.7359 0.0336 -0.0375 -0.1644 0.4324 0.0001
22 0 . 652412985D+00 0.0000 0.0047 -0.0010 0.0000 0.9963 0.0000
23 0 . 652412985D+00 0.0000 0.0047 -0.0010 0.0000 0.9963 0.0000
24 0 . 928433427D+00 0.6232 0.0418 0.0177 0.1042 0.2036 0.0096
25 0 . 142938873D+01 0.5439 0.7162 0.0529 -0.1524 -0.1753 0.0146
NIS 21.04556591347080463 NIP 5.!59898388071180011 NID 2.!39668805018066720
OS 2.01157277661763567 OP 2.94632782936680204 OD 0 .861549651760863406E-3
0 MESSAGE SUMMARY: MESSAGE NUMBER - COUNT 
0 208 2
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